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 The statistical process control (SPC) is the new novel tool in radiotherapy QA process. 
This research is one of the first studies that applied SPC concept to advanced radiotherapy 
techniques. For the first research part, the X control chart was performed to establish the 
reasonable control limits of % gamma pass of nasopharyngeal case in 278 IMRT QA plans and 
159 VMAT QA plans, and to assess the efficiency of QA process by using process capability 
index. The result showed lower control limit of gamma pass of IMRT and VMAT QA of 85% 
and 90%, respectively. The VMAT QA process was more capable with higher capability index 
than IMRT. The second part employed the X and EWMA charts for 2 years of weekly output 
constancy check. The number of point used to calculate control limits was varied from 1 to 5 
months of data for all energies, and the λ and L were two more parameters variation. It was found 
that 2-3 months of data should be employed to calculate control limit of X chart, and 1 month of 
data should be used to calculate EWMA control limit. At least 20 in-control data point should be 
achieved to find the process capability and process acceptability with 95% confidence interval. 
The last part of research work was the setup of local tolerance limits in different data distribution 
types. Our local tolerance limit for normal distribution data type of percent point dose difference 
between measurement and calculation of 631 prostate IMRT QA plans was 3.6%. The appropriate 
lower tolerance limit for left-skewed distribution data type of percent gamma pass of 157 head 
and neck VMAT QA plans was 88.22%, which was lower than universal action limit. The upper 
tolerance limit for right-skewed distribution data type of homogeneity index of 150 VMAT PTV 
plans for head and neck cases was 0.19.  The SPC can assist in the QA work in radiotherapy with 
more efficient than using traditional QA concept. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and Rational 

Radiotherapy, radiation therapy, or radiation oncology is a complex clinical 

process of using ionizing radiation to treat a variety of diseases but primarily to local 

malignant tumors. Radiotherapy is one of the three most common types of cancer 

treatment, while other two methods are surgery and chemotherapy. It may be delivered 

radiotherapy alone or combined with other methods together to improve the potential 

of cancer treatment. The goal of radiotherapy is to give a high, conform, homogeneous 

and accurate radiation dose to well-defined target volume, while can spare dose to 

surrounding normal tissues with the fewest complications. The accuracy in each step 

of radiotherapy process is possible affected to tumor control and normal tissue 

complications.  Quality control (QC) and quality assurance (QA) are the systematic 

procedure of monitoring and controlling all of the process to ensure that the process of 

product or service can pass the standard criteria. Nowadays, the role of quality and 

safety are more and more important parts in radiotherapy community, especially when 

using the sophisticated modern equipment and treatment technique. Radiotherapy is 

one of the top in rank of health care program that performed the QA system. The 

International Commission on Radiation Units and Measurements (ICRU) has a 

recommendation of uncertainty in dose delivery to patient at no greater than 5% [1, 2]. 

A comprehensive QA program should be performed to all possible sources of variation 
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aspects in patient treatment process in an effort to maintain the overall uncertainty. 

Mijnheer [3] divided QA in radiotherapy into 3 parts; treatment machine and 

equipments, treatment planning, and imaging system. The professional organizations 

in radiation oncology, such as the American Association of Physicists in Medicine 

(AAPM), have been proposed the QA programs and their limitations covered these 

three parts [4-7]. However, the QA should not be considered only machine and 

equipment, but also would include all of the process of radiation treatment, including 

doctor delineations, data and image transfer, time between CT and treatment, accuracy 

of billing, etc.  

In radiotherapy QA process, the limitations are normally used distance, angle, 

or percent difference or used standard deviation method that based on machine 

function or experience, however, these traditional tools may not be enough to evaluate 

the quality in radiotherapy, especially in this era of quality and safety. Several methods 

are described for new modern QA tools in radiotherapy, for example: fault tree 

analysis (FTA) [8], failure mode and effect analysis (FMEA) [9] or statistical process 

control (SPC) [10].  The SPC is the high level QA tool in industrial engineering field, 

which is the field of highest level of quality control. Therefore, the SPC is possible to 

use in radiotherapy quality control in order to improve the efficiency of radiotherapy 

process. This study applies SPC to patient-specific intensity modulated radiation 

therapy (IMRT)/ volumetric modulated arc therapy (VMAT) QA by separating the 

systematic error from random error, and applied to output constancy check by 

investigation the number of data point for setting the control limit . This study also 
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utilizes the SPC concept to setup the suitable tolerance limits of planning target 

volume (PTV) homogeneity index and patient-specific QA. 



 

 

CHAPTER II 

LITERATURE REVIEWS 

 

2.1 Theories 

 

2.1.1 Statistical Process Control (SPC) 

A. Control charts 

Statistical Process Control (SPC) is the use of statistically based methods to 

evaluate a process or its output to achieve a state of control. Control chart (process 

behavior chart or Shewhart chart) is one of the seven basic tools of quality control for 

SPC, which was pioneered in 1924 by Walter A. Shewhart when he worked in Bell 

Telephone Laboratories. Control chart is a time ordered statistical tool used to 

distinguish between process variation resulting from “common causes” and variation 

resulting from “special causes”. The former causes can be referred to “random errors”, 

while latter causes represent “systematic errors”. Control chart has been used 

commonly in industrial manufacturing and business process for long time. It consists 

of three basic components; 1) center line (CL) that represents the mean value of the 

process data, 2) two horizontal lines called upper control limit (UCL) and lower 

control limit (LCL) that defines the limit of common variation causes, and 3) 

measurement data that plotted over the time series or sample number as shown in 

Figure 2.1. The filled dot in Figure 2.1 expresses the systematic error point. 
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Figure 2.1. A typical control chart. 

 

An important assumption when using control charts is that the measurement 

subgroups (or individual values) are independent. When the data fall within the UCL 

and LCL, then the process is said to be the control is validated and only common 

(random) causes affect the process. However, if any data point is out of the control 

limits, then special (non-random) causes are affecting the process and the source(s) of 

the special cause need to be identified and removed from the process to bring the 

process back in-control. The causes of systematic variation can be shown in location, 

spread, and shape as illustrated in Figure 2.2. Conventionally, the UCL and LCL are 

set at ±3 standard deviations from the center line [11]. This implies that 99.7% of the 

data points would fall within the control limits when the data is normally distributed.  

Then, when the process is in control, there is only a 0.3% chance that a point will be 

outside the control limits, i.e., a false positive.   
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                  (a)                                                                      (b) 

Figure 2.2. The measurement data with (a) chance and (b) assignable causes of 

variation. 
 

There are two main types of control charts that depend on data type as shown 

in Figure 2.3; attribute control chart and variable control chart [12]. The former chart 

is suitable for discrete distribution data that expressed as yes/no, presence/absence, 

good/bad or function/non-function, while the latter chart is match for continuous data 

or measured on a numerical scale. The variable control chart is more suitable to 

radiotherapy QA. The two main categories of control chart are sub-divided into several 

other chart types. Each sub-category has a specific purpose. For the variable control 

chart, there are individual/moving range (X/MR), average/range ( X /R), and average 

/standard deviation ( X /S) charts that depend on subgroup size. If the number in each 

subgroup is one to nine, then the X /R or X /S charts should be used. If the subgroup 

size is ten or more, then the X /S charts are recommended. One important assumption 

for variable control charts is that the measurement subgroups are independent of each 

other. 
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Figure 2.3.  A flowchart for the selection of corrected control chart for different data 

types. 

 

A.1 The individual and moving range (X/MR) charts 

The X/MR charts are selected for individual value collected per time period. 

The examples of radiotherapy QA that can be applied this control chart type are daily 

output constancy check, daily water temperature of linear accelerator machine, point 

dose difference between measurement and calculation for IMRT QA, etc. The average 

and limits are calculated from Equation (2.1). 
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The moving range and their limits for output are calculated from Equation (2.2). 
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The MR is the absolute value of the difference between two consecutive data 

points (MRi = | Xi – Xi-1|). The X and MR are calculated as the average data and average 
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moving range over a specified number of data points. The constants d2 and d3 depend 

on n value, where n is the number of value in the subgroup. It is customary to use n = 2 

for subgroup size 1 so d2 is 1.128 and d3 is 0.8525 [11]. 

 

A.2 The average and range ( X /R) charts 

The X and R charts are typically used for collected group of data in each time 

period. However, the number of data in each group should be constant and not larger 

than 10 data points. The examples of this control charts type in radiotherapy QA are 

dose from planar detector with specific point of measurement, output from five 

chamber detectors or subgroup method of individual data, or long term of reprodu-

cibility of detector that have measured several times in each measurement period. The 

mean and limits for average control chart are calculated from Equation (2.3). 
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where X is the average data of each subgroup and X is grand average data of several 

subgroups. The range and their limits can be calculated from Equation (2.1) but 

replaced MR  with R , where R is the range of the value in each group (Ri = Xmax – Xmin).  

If the sample size in each subgroup is large, the accuracy of chart will reduce because 

range uses only two data in each group for calculation. The constants d2 and d3 depend 

on subgroup size n. If the calculated range is negative value, we use zero because 

range is not less than zero. 
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A.3 The average and standard deviation ( X /S) charts 

The X and S charts are also suitable for subgroup data the same as X /R chart 

but X /S is better in case of a large number of data in each subgroup. The sequence of 

charts setting up is the same with X /R charts construction, however, the sample 

standard deviation is defined in Equation (2.4). 
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The average and control limits of X / S chart are calculated from Equation (2.5). 
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The constant A3 is tabulated for various subgroup size in text book [11]. 

 

A.4 Exponentially Weighted Moving Average (EWMA) chart 

The EWMA chart is a special type of time order control chart used the history 

of output to calculate control limits. This chart is originally proposed by S W Roberts 

in 1959. Where the X /mR charts are used to detect large changes in the process, the 

EWMA chart is suitable for detecting the gradual drifts in the process [12].  In the 

EWMA chart, the most recent data points are given a greater weight (λ).  The degree of 

weight reduces with exponential function for prior data with     
2

1 , 1 ,...,        etc.  

The chart is match for subgroup size of 1. The EWMA equation is given by Equation 

(2.6). 
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for t = 1, 2, 3, where xt is the observation data at time t. 
 

The average and limits for the EWMA chart are calculated from Equations 

(2.7). 
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where μ0 is the process average, t is the sample number, λ is the weighting factor 

(smooting factor) with values  0 < λ ≤ 1, which makes the EWMA chart sensitive to 

small process drifts.  A large λ value means a greater weight to recent data and less 

weight to old data.  The parameter L is the width of the control limit. Difference than 

X-charts; the UCL and LCL are calculated with each new data point for EWMA charts.  

However, similar to X-charts, the EWMA chart also relys on the assumption that the 

samples (or individual values) are independent. The value of L and λ are chosen as a 

range of values that are a compromise between efficiency detection of process drifts 

and chart insensitivity to non-normal data [12].  When selecting the proper λ, the 

EWMA chart can be produced sensitive to a small or gradual drift in the process, 

whereas the Shewhart control procedure can only react in case of the last data point is 

outside a control limit. 

The steps of control chart construction are shown as a flowchart in Figure 2.4. 

After the charts are selected by using the criteria from Figure 2.3, the data will be 

plotted on the charts. The control limits are calculated and the first lots of measurement 

data will be compared with control limits. If any data points are out-of control limits 
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and the sources of error can be found, those out-of control points will be removed. The 

new control limits are recalculated for systematic error removed. Then, the next 

measurement data is plotted on the chart and compared with new control limits. If the 

data are outside control limit, the charts will immediately warn QA staff to get rid of 

the error. 

 
Select the suitable charts from data type 

and number of subgroup data

Calculate the control limits 
using proper number of data

Any data           

are outside the 
limits?

Take action to find sources of errors and 
remove those out-of-control points

Calculate the new 
control limits

Collecting data and compared 
data to control limits

Any data           

are outside the 
limits?

Remind Physicists to immediately check and 
remove the systematic error points

Continue 
collection data

Yes

Yes

No

No

 
Figure 2.4.  The steps of creating and using a control chart to monitor and improve a 

process. 
 

B. Process capability and acceptability 

The process capability indices are the measurement of process performance 

according to some requirements. In manufacturing, these requirements are usually 

called specifications. When a process or part is measured, it is compared to the 
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specification limits. In radiation oncology, the process or QC result is compared to the 

clinical or action limits. The process capability (Cp) and process acceptability (Cpk) are 

two commonly process capability indices (PCI) that have been used in industrial 

manufacturing for long time. 

The process capability is used to compare the variation process of the data with 

respect to the upper and lower action limits to quantify action limit width relative to 

the dispersion of process data as shown in Equation (2.8),  
 

                                               
6

p

UAL LAL
C







                                                            (2.8) 

 

where UAL and LAL are the upper and lower action limits, respectively. The  is the 

standard deviation of the data distribution. The greater the Cp value, the better of 

process is able to meet action limits as shown in Figure 2.5. A Cp value of 1.0 means 

that the data spread is equal to the action limit width. However in some process, a 

process can still be functioning poorly even with a high Cp value (see bottom image in 

Figure 2.5). So, the capability ratio alone is not enough to provide a full description of 

a process because Cp does not indicate the degree to which the process is centered on 

the target.   

The process acceptability is another index that should be used to fully 

characterize a process.  Acceptability describes how close the process center is to the 

nearest action limit.  It is calculated from Equation (2.9).  
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Figure 2.5.  Distributions with different capability ratio (Cp) and acceptability ratio 

(Cpk) showing their relationship to the process target, upper action limit (UAL) and 

lower action limit (LAL).   

 

If the process is on target, the value of capability ratio will equal to 

acceptability ratio. However, the capability ratio is higher than acceptability ratio in 

cases where a process is not on target as shown in Figure 2.5. When calculating Cp and 

Cpk ratios, it is important that the process is in–control, that is, no points outside the 

control limits on the X-chart. This is because if the process is changing, then one 

cannot be confident that the process in subject to only random (or common) causes. 

Furthermore, the normal distribution upon which the capability and acceptability ratios 

depend is not assured. In this study, data normality was verified using the Anderson–

Darling test statistic. For any non-normal distributions, the Johnson Transformation 

was used to normalize the data. The normalized data was then used to calculate Cp and 
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Cpk. The Anderson–Darling tests and Johnson Transformations were done in Minitab 

v16 software (Minitab Inc, State College, PA).   

The Cp parameter explains how much the data dispersion but does not consider 

the process mean, while the Cpk index illustrates is another index that used to explain 

how close to the process center. The Cpk alone is inadequate to measure the process 

centering. The good process should have both Cp and Cpk as high as possible. However, 

these two indices just consider only the dispersion and closeness to the center of data. 

The center or average of data is correct value or not, it cannot explain from these two 

indexes. Chan et al. [13] originated the new process capability index, Cpm, based on 

Taguchi’s loss function process that that use unary quadratic loss function replaced 

traditional step function. This index can explain the dispersion of process compared to 

specification limits and also take the process target into consideration in only one 

index. The standard two-side of Cpm can be calculated from Equation (2.10). 

 

                                                                                       (2.10) 
 

where UAL and LAL are the upper and lower action limits, respectively. A is a constant 

that depends on the quality you need, typically this constant is set to 6 for Cpm of 1.0 in 

case of perfect center at midpoint (guarantees that the total non-conformity yield is 

lesser than 0.27%) as shown in Figure 2.6.  
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Figure 2.6. Distributions with different Taguchi’s capability index (Cpm) relationship 

upper action limit (UAL) and lower action limit (LAL). 

 

2.1.2 Radiation Treatment techniques 

Radiotherapy is one of the main methods of cancer treatment. The radiation 

treatment technique has been developed from two dimensional radiotherapy (2D), 

three dimensional conformal radiotherapy (3D-CRT) to intensity modulated radiothe-

rapy (IMRT), and volumetric modulated arc therapy (VMAT) [14]. The 2D treatment 

technique is the treatment technique used 2D image from conventional simulator for 

dose calculation. This technique is suitable for conventional treatment that typically 

uses single or two-parallel opposing fields. The 3D-CRT is based on CT image for 

dose calculation. The forward planning with suitable energy, number of beams, field 

weight, beam angle, multileaf collimator (MLC) shielding, compensators (wedge, 

bolus, or tissue compensator) are selected by planner to get the conform dose to target 

volume and less radiation dose to surrounding normal tissues.  

The IMRT is the advanced treatment technique that radiation doses can be 

modulated by MLC movement or using compensator to perform the non-intensity 

pattern. The MLC-based is more commonly used to modulate the beam. This treatment 
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technique is planned on 3D image (CT or MRI) with computerized dose calculations to 

determine the suitable variation of intensity patterns in each treatment fields, however, 

the radiation dose will conform to the tumor shape and spare dose to normal tissues 

when combines all of fields together. Not only the prescribed dose need to be set, but 

the defined dose constraints for PTV and critical organs are also required for 

optimization. The inverse treatment planning with quadratic objective function (cost 

function) in Equation (2.11) is used to optimize based on properly dose constraints 

[15].   
 

                                (2.11) 
 

where rQ is the priority or penalty or weighting factor that weight the importance of 

structure Q. DC and DO are the prescribed and calculated dose, respectively. This 

formula relies on iteration method of least square type of estimation in statistical 

analysis. After finishing the optimization, the “optimal fluence” or desired intensity 

map of each planning fields are shown in Figure 2.7. The leaves motion of MLC will 

be calculated following the optimal fluence pattern. The leaves are speed-up in the 

light pixels and slow-down at dark pixels. There are two different approaches for MLC 

mode in IMRT technique; dynamic and segmented IMRT. The radiation can be 

exposed during MLC movement for the former IMRT mode, and vice versa for the 

latter IMRT mode. The dynamic MLC (DMLC) is more common to use for Varian 

linac. When finishing the leaves motion calculation, the radiation doses are calculated 

to get the “actual fluence” of each planning field. The actual fluence has some 

different from optimal fluence because the optimal fluence uses only mathematic 
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formula to optimize the fluence but the actual fluence is calculated with including the 

scatter, leaves leakage, and inhomogeneity corrections. These actual fluencies are 

imported to the treatment machine to perform the measurement and then the measured 

fluence is compared with calculated fluence (actual fluence). This step is for checking 

the accuracy of MLC movement and called patient-specific IMRT QA, which is 

necessary to do all cases before patient treatment. IMRT has become one of the 

catchwords of modern radiotherapy treatment and also becomes to the standard 

treatment technique for head and neck cancer treatment in many cancer centers [16] 

because of the clinical benefits of dose sparing to surrounding normal tissue, especially 

the salivary glands, and benefits of dose conformity to target volume compared to 

conventional radiotherapy [17, 18, 19].  
 

Iterative 
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Leaves motion 
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Actual fluence or Calculated fluence 
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file

Measured fluence 

Comparison

 
Figure 2.7 The verification process of intensity map of IMRT process. 
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The VMAT technique is the newest radiation treatment technique. It is a-state-

of-the-art radiotherapy treatment technique that combines the concept of two advanced 

techniques; dynamic arc and IMRT, together. The VMAT has more complicated than 

IMRT because VMAT is not only modulated the beam by two-ways MLC movement, 

but include the dose rate and gantry speed variation as well. During the radiation beam 

continuously delivery, the gantry rotates around patient with two-ways DMLC 

movement while the dose rate and gantry speed can be varied simultaneously. The 

VMAT plan has the potential to improve the dose conformity and coverage to target 

volume and normal tissue sparing compared to conventional technique [20]. However, 

the predominance of this technique than previous generation of modulated 

radiotherapy technique, IMRT, is the reduction of the number of monitor units (MUs) 

and also the delivery time [21]. The isodose distribution of IMRT and VMAT are quite 

equivalent but the latter technique has a smoother dose distribution as shown in Figure 

2.8. Because both in IMRT and VMAT techniques, the radiation dose can be 

modulated by DMLC movement and VMAT technique has more variation factors that 

impact to radiation dose accuracy, the robust patient-specific quality assurance (QA) 

program of dose distribution of IMRT and VMAT technique was recommended to 

verify the correct treatment delivery before clinical treatment [22].     

There are many dosimetric systems in market used to validate the IMRT or 

VMAT techniques by checking the accuracy of dose measurement or leaf sequences. 

In our view, it can be separated into 5 categories; a) point dose (e.g. ionization 

chamber, thermoluminescent dosimeter, MOSFET), b) planar dose (e.g. EDR film, 

EBT film, EPID, MapCHECK, MatriXX, seven29), c) volume dose (e.g. Delta4, 
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ArcCHECK, Compass, BankGel), d) MLC verification (e.g. David, DynalogFile), e) 

MU verification (e.g. RadCal, MU check). The planar QA tool is the most common 

used to verify the IMRT plans, while the volume dose QA tool is a popular one to 

validate the accuracy of VMAT plans. For traditionally medical physics aspect, 

percentage of dose difference, distance-to-agreement and gamma value are three 

commonly methods used to evaluate the result of plan verification.  

 

 
Figure 2.8. The isodose distribution of nasopharyngeal carcinoma plan for IMRT and 

VMAT treatment techniques. 

 

2.1.3 Gamma Evaluation 

The percent dose difference has been used to evaluate the dose difference 

between two set of data, for example the difference between calculation and 

measurement. However, this concept is difficult to evaluate in 2D planar or 3D volume 
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of dose difference. The simple qualitative evaluation of two set of dose distribution is 

the superimpose method. Van Dyk et al. [23] separate the region of dose into high and 

low dose gradient region. They recommended to use the percent different concept for 

low dose gradient region, and to employ the distance-to-agreement (DTA) tool for high 

dose gradient region. The DTA is the distance difference between a reference data 

point and the nearest data point with the same dose. Low et al. [24] proposed the 

concept of gamma evaluation for dose distribution comparison in quantitative method. 

The gamma index combines the concept of % dose difference and DTA criterion 

together by using the ellipse formula. The surface of ellipsoid represents the 

acceptance criterion, which is defined in Equation 2.12 and shown in Figure 2.9.   

 

                 (2.12) 
 

where Δr is the absolute distance difference between reference point [rr] and 

compared point [rc], while ΔD is the dose difference between dose at position rc 

[Dc(rc)] and reference dose at position rr [Dr(rr)]. If the dose difference at inquiry point 

is inside the ellipsoid, it will pass the criteria. Therefore, the gamma criteria can be 

defined in Equation (2.13). 

 

                            (2.13) 
  

If the criteria of dose difference and DTA are the same value, such as 3% dose 

difference and 3mm distance-to-agreement, the ellipsoid becomes circle. The minimal 

value of Γr(rc, Dc) is defined as gamma quality index, γ(rr), of the reference point. The 
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point passing the specified criteria correspond with γ(rr) ≤ 1, while failed point that 

not passed the specified criteria represent with γ(rr) > 1.  

 

 

Figure 2.9. Geometrical representation of calculation concept of gamma evaluation 

method. 

 

2.1.4 Radiation Output 

The accuracy of absorbed dose in patient irradiated by X-rays or electron in 

radiotherapy depends on several factors. Linear accelerator (linac) output constancy is 

an important part of a regular QA program because the absolute dose delivered to the 

patient is a major factor in determining the outcome of treatment.   

The monitor chamber is a device in linear accelerator treatment head used to 

count the radiation output. The gas filled ionization chambers (also called monitor 

chambers or simply ion chambers) are type of radiation detector using to measure the 

radiation dose output in term of monitor unit (MU) and monitor the beam position. The 

ion chamber system consists of two separate of parallel plate ionization chambers (four 
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quadrants), which are placed perpendicular to each other for radial and transverse 

directions to allow inplane and crossplane symmetry monitoring. These two ion 

chambers are also perpendicular to the radiation beam direction. The monitor chamber 

system has the feedback mechanism to disable the beam when reaching the MU setting 

or lack of beam symmetry. When the radiation passes gas in ion chamber, the gas 

molecules are ionized and then the positive ion and free electron are produced within 

the ion chamber. The created charge particles can be used to explain the basic 

electrical signal.  

The output of our linear accelerator machine is calibrated in water phantom 

following the IAEA TRS-398 protocol as annual QA [25]. The each energy of output 

is adjusted to 1.00 cGy/MU at depth of maximum dose with 100 cm source to surface 

distance. The sensitivity of monitor ionization chamber of linear accelerator depends 

on several factors. Therefore, the output constancy check should be performed as a 

regular QA program. The 5 point monitor chambers device is typically used to roughly 

check the output of linac machine. The action limits are determined from the AAPM 

Task Group No.142 at ±3.0% of baseline for daily linear accelerator output checks [4]. 

In this work, we use this same criterion for weekly linear accelerator output checks. 
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2.2 Review of related literatures 

Control charts have been commonly used in industrial manufacturing for many 

years and were used for healthcare monitoring and improvement more recently. 

However, control charts have just been applied in radiotherapy quality assurance as a 

modern QA tool in the few years.  

Tennant R et al [26] monitored clinical variables for disease in individual 

patients using control chart. They searched data from MEDLINE, CINAHL, Embase 

and five other databases yielded 74 studies that include their criteria. They found that 

control chart is an effective tool in monitoring the clinical variables in individual 

patients of hypertension, asthma, renal function post-transplant and diabetes disease. 

The result showed the same or better performance of control chart compared to the 

sensitivity and specificity method that used as a standard.  

Holli K et al [27] estimated the variation of field location in treatment planning 

for difference types of breast cancer by using reproducibility and repeatability (R&R) 

method with range control chart. The eleven experienced oncologists planned of 

treatment planning for 3 patients. From the range chart, they found that one of those 

physicians had large variation in treatment planning that means he needs more training.  

Pawlicki T et al [10] were the first Physicist group who proposed SPC and 

control chart for radiotherapy QA. They explored average (X-bar) and range (R) charts 

as a modern QA tools in radiotherapy and they compared the benefit to traditional QA 

approach that used only acceptance criteria. In their work, control charts were applied 

to daily QA of output and flatness/symmetry as a pilot project. The X-bar and R charts 

were used to analyze daily linac output for a 10MV photon beam over 52 days.  
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Control chart limits were compared to standard deviation limits.  They found that 

control charts were able to separate the systematic errors from random errors, while the 

general standard deviation cannot identify the same systematic changes in the process.  

Breen SL et al [28] evaluated intensity modulated radiotherapy (IMRT) 

dosimetric verification using the concept of SPC. They verified the planning target 

volume (PTV) and spinal cord doses using ionization chamber on cylindrical phantom. 

The percentage of dose differences between measurement and 2 versions of 

PINNACLE treatment planning were plotted on control charts. They found that the 

upper and lower limits of version 6.2 were larger than the version 7.6 because of the 

limitations of multileaf collimator (MLC) in old version.  

Pawlicki T et al [29] investigated the IMRT QA using SPC. They compared 7 

institutes IMRT QA doses between measurement and calculation using the average 

chart to compare the treatment planning dose, measured dose, and the dose calculated 

from secondary independent software for head and neck and prostate. They found that 

IMRT QA results varied between the measurement and the independent computer 

calculations. There were only 11 of 24 processes pass the control criteria. The process 

ability and process target of prostate cases were better than head and neck cases.  

Gerard K et al [30] used X/MR and EWMA charts to evaluate patient specific 

IMRT QA for head & neck and prostate plans that were planned in CADPLAN and 

ECLIPSE treatment planning system. Moreover, they compared the results to clinical 

specifications using the short term process capability index (Cpk) and long term process 

performance indices (Pp, Ppk, and Ppm). The results showed that IMRT QA was in 

control for both head & neck and prostate plans. For three performance indices, it 
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showed smaller than 1.00 in head & neck and close to 1.00 in prostate. This implies 

that they need to improve the process centering and process dispersion. 

Able CM et al [31] used control chart to monitor the reproducibility of steering 

coil currents by looking the change in beam flatness and symmetry. The X/R control 

chart can be efficiency detected high-alarm with downward trend in transverse angle 

and low-alarm in transverse position and radial angle before a beam steering failure.  

Nordstrom F et al [32] applied SPC to investigate the monitor unit verification 

from multicenter. The result also showed that different centers have different limits 

with different site of treatment. The process capability index is almost 1.00 in all 

institutes. 

 



CHAPTER III 

Research Objectives 

 The SPC concept is a new novel tool in radiotherapy QA process. This study 

extends the research work of Pawlicki [10, 29] to control the output variation in both 

photon and electron beams by using Shewhart control chart, EWMA chart and PCI. 

Until now, there are only few publications used control chart in IMRT QA process but 

there is no one used SPC in VMAT technique. This is the first study that applied SPC 

method to radiotherapy QA in VMAT and compared with IMRT treatment technique. 

The PCI concept to set the tolerance limits in radiotherapy field in different types of 

data distribution is also pioneer investigation in this research.  

 

3.1 Research objectives 

1. To set the lower control limit of percent gamma pass in head and neck VMAT 

QA cases using the X/MR control charts, and to evaluate the performance of 

VMAT QA from process capability index 

2. To determine optimal control charts for linac output constancy monitoring by 

using X/MR and EWMA control chart, and to assess the efficiency of QA 

process by capability ratio and acceptability ratio. 

3. To set the local tolerance limits via the process capability index method of point 

dose difference in prostate IMRT QA in case of normal distribution data type, 

percentage of gamma pass in nasopharyngeal VMAT QA that represents the data 
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in a left-skewed distribution type, and the homogeneity index of head and neck 

VMAT plan as a right-skewed distribution data type. 

 

3.2 Scope of dissertation 

 The SPC, especially control charts and process capability indices, is applied to 

patient specific IMRT and VMAT QA for head and neck region, and applied to weekly 

linac output constancy check. 

 

3.3 Keywords 

 - Statistical process control 

 - Control chart 

 - Process capability index 

 - Output 

 - Patient-specific IMRT/VMAT QA 

 



 

 

CHAPTER IV 

RESEARCH METHODOLOGY 

 

4.1 Materials 

 

4.1.1 Linear accelerator 
 

The linear accelerator (linac) is the machine that uses high-frequency 

electromagnetic waves to accelerate electron in linear accelerator tube to high energies. 

The photon beams are produced when high energy electrons hit the target. However, 

the target is moved-out when electron mode is selected. The linacs used in the 

experiments are Clinac 21EX (Figure 4.1(a)), Clinac 23EX, and Clinac iX (Figure 

4.1(b)). All machines belong to Varian Company (Varian Medical Systems, Inc., Palo 

Alto, CA, USA). 

The Clinac 21EX provides dual photon beam energies of 6 and 10 MV, and 5 

electron energies of 6, 9, 12, 16, and 20 MeV electron beams. This machine is 

equipped with 80 multileaf collimators (MLC), which the width of each collimator is 1 

cm at isocenter. This machine can be operated with 3D-CRT and IMRT treatment 

techniques. 

The Clinac 23EX is capable to deliver 6 and 15 MV photon beams, and 4, 6, 9, 

12, 16, and 20 MeV electron beams. This machine is equipped with 120 multileaf 

collimators (MLC), which the width of leaves is 5 mm at the central 20 cm and 1 cm at 

the 10 cm outer of each side for the maximum field size of 40x40 cm2. This machine 
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can be operated with 3D-CRT, IMRT, and VMAT treatment techniques. The Clinac 

23EX machine has a kV x-ray source using for setup field verification. 

The Clinac iX or RapidArc machine supplies the dual photon beams of 6 and 

10 MV and 6 electron energies the same as Clinac 23EX. The MLC of this machine 

are also the same type with Clinac 23EX. This machine also has another kV x-ray 

source and capable to treat the patient in 3D-CRT, IMRT, and VMAT treatment 

techniques.  

The distance from x-ray target to isocenter of all machines is 100 cm. The 

Varian MLC shown in Figure 4.2 consists of two banks of tungsten leaves which 

individually move under computer control. The MLC set is mounted below the 

conventional collimator in the same direction of X-jaws. The MLC can move in both 

step-and-shoot and dynamic, but only dynamic movement is used in this study. 

The stationary therapy dose rate varied from 100 MU/min to 600 MU/min is 

available in six-fixed step for 2D, 3D-CRT, Dynamic Arc, and IMRT treatment 

techniques. The fixed at 400 MU/min dose rate were used in these treatment 

techniques in our department. For the VMAT technique, the dose rate is varied during 

beam-on to modulate the beam, which 600 MU/min is the maximum dose rate setting. 
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(a)                                                           (b) 

Figure 4.1. Linear accelerator machines (Varian Medical Systems, Inc., Palo Alto, 

CA, USA) (a) Clinac 21EX with EPID, and (b) Clinac iX with EPID and OBI (CBCT). 

 

 
Figure 4.2. Multileaves collimator (Varian Medical Systems, Inc., Palo Alto, CA, 

USA). 
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4.1.2 MapCHECK 2D diode array  
 

The MapCHECK, model 1175, (Sun Nuclear Corp., Melbourne, FL, USA) is a 

2-dimensional diode array [33]. This device composes of 445 n-type solid state 

detectors for the area of 22x22 cm2 as shown in Figure 4.3. The inner 221 detectors 

cover the central part for area of 10x10 cm2 with 0.707 cm diagonal spacing, while 

outer 224 detectors have 1.414 cm spacing in diagonal. The active area of each 

detector is 0.8x0.8 mm2 and the active detector volume of each detector is 0.000019 

cm3. The MapCHECK has linear depth of detector junction from top of overlay of 1.35 

cm inherent buildup that equivalent to 2.00 g/cm2 water. The dose limit of 

MapCHECK is 330 cGy. This device was employed to verify the patient-specific 

IMRT QA with 0o gantry angle for this study.  

 

    

Figure 4.3. MapCHECK 2D diode array (Sun Nuclear Corp., Melbourne, FL, USA). 
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4.1.3 ArcCHECK 2D diode array  
 

Figure 4.4 shows the ArcCHECK, model 1220, (Sun Nuclear Corp., Melbo-

urne, FL, USA) cylindrical diode array as a 3-dimensional beam dosimetry QA system 

[34]. This device composes of 1386 n-type solid state detectors with active size of 0.8 

x 0.8 mm2 and active volume of 0.000019 cm3 in each detector.  The detectors are 

arranged in helical array (HeliGrid) with 1 cm spacing along cylindrical and 1 cm 

along circumference for 21.0 cm in detector array length (spiral height). The detectors 

are embedded in a 2.85 cm linear depth of acrylic buildup that equivalent to 3.28 g/cm3 

density depth.  All detectors are perpendicular to the beam for all gantry angles. The 

ArcCHECK is divided into two sections, which the inner section is 15 cm in diameter 

of acrylic insertion capable to insert a thimble ionization chamber for central axis dose 

measurement. If the inner section is removed, the accuracy of inhomogeneity 

correction of treatment planning can be checked. This device has no limited dose of 

measurement because each detector sensors are updated the measurement dose in 

every 50 ms. The ArcCHECK was designed specifically for rotational dosimetry. This 

device was used to verify the patient-specific VMAT QA with real gantry angle. 

     

Figure 4.4. ArcCHECK 3D diode array (Sun Nuclear Corp., Melbourne, FL, USA). 
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4.1.4 Treatment planning system 
 

The treatment planning system in Figure 4.5 is used in the experiment is 

Eclipse software version of 7.3.10 and then upgrade to 8.9.17 manufactured by Varian 

Associates Palo Alto, CA. The former planning versions can plan the photon for 2D, 

3D conformal, Dynamic Arc, and IMRT treatment techniques, while the latter version 

is possible to perform more in VMAT technique. These planning systems are also 

utilized for electron beam planning and supported for brachytherapy and proton beam 

therapy planning. The example plan in Figure 4.5 is IMRT of nasopharyngeal 

carcinoma with SIB treatment technique. 

 

 
Figure 4.5. Eclipse treatment planning software (Varian Medical Systems, Palo Alto, 

CA, USA). 
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4.1.5 IMRT/VMAT QA software 
 

The SNC Patient software (Sun Nuclear Corp., Melbourne, FL, USA) version 

6.1 is software for IMRT/VMAT QA evaluation. The IMRT QA verification software 

is shown in Figure 4.6. This software is used to compare two data sets of dose 

distribution (normally between planning calculation and MapCHECK/ArcCHECK 

measurement). It can be evaluated the plan in absolute or relative, and gamma or only 

DTA analysis. It can display in profile comparison across a selected axis. This 

software has a function of Calc Shift that can determine the misalignment between the 

planed and measured dose map and automatically corrects for the misalignment. 

 

Data Set 1; for example
MapCHECK Measurement

Evaluation Results

Data Set 2; for example
Treatment Planning System

Profile / Histogram 
Comparison

Data Set 1: Example

MapCHECK measurement
Data Set 2: Example

Eclipse planning calculation

 
Figure 4.6. SNC Patient software (Sun Nuclear Corp., Melbourne, FL, USA). 



35 
 

 

4.1.6 Dose constancy check 
 

The Protea System Corporation Radiation Beam Analyser (RBA-3) dose 

constancy check (GAMMEX rmi, Middleton, WI, USA) is exhibited in Figure 4.7.  

The RBA-3 consists of five parallel plate chambers of 0.2 cm3 volume, one is placed 

centrally and four other chambers are located on the radial and lateral planes at 8 cm 

displaced from center [35].  The chambers are covered with the 14 mm lateral Perspex 

surrounding the chamber, and are placed below a 4 mm thick Perspex sheet. The 

central ionization chamber reading was used to represent linac output, while the other 

four act for flatness/symmetry. The RBA-3 has a thermometer and barometer inside 

that can correct the chamber signal automatically for temperature and pressure effect.   

 

 

 

Figure 4.7. The RBA-3 dose constancy check (GAMMEX rmi, Middleton, WI, USA). 
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4.1.7 Farmer type ionization chamber 
 

The ionization chamber used to verify the prostate IMRT QA plan as a point 

dose verification is shown in Figure 4.8. This waterproof chamber is FC65P farmer 

type chamber (Scanditronix-Wellholfer Dosimetrie, Schwarzenbruck, Germany) [36]. 

The chamber consists of POM (PolyOxyMethylene, CH2O plus additives) for outer 

electrode with a density of 1.4 g/cm3 and aluminum for inner electrode with a density 

of 2.7 g/cm3. The nominal active volume of the chamber is 0.65 cm3. This chamber has 

leakage current lesser than ±5x10-15 A, and sensitivity of 21 ηC/Gy. The reference 

polarizing voltage is +300 V. The chamber was calibrated by secondary standard 

dosimetry laboratory in every 2 years. 

 

 
Figure 4.8. The FC65-P cylindrical ionization chamber (Scanditronix-Wellholfer 

Dosimetrie, Schwarzenbruck, Germany). 
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4.1.8 Dosimeter or Electrometer 

 

The Dose1 dosimeter (Scanditronix-Wellholfer Dosimetrie, Schwarzen-bruck, 

Germany) is a charge measuring device that used couple with ion chamber. The Dose1 

shown in Figure 4.9 is a reference class dosimeter according to IEC 60731 for 

dosimetry. This device is not only support with ionization chamber, but it is possible to 

connect with semiconductors and diamond detector as well.  

 

 
Figure 4.9. The Dose1 dosimeter (Scanditronix-Wellholfer Dosimetrie, Schwar-

zenbruck, Germany). 
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4.1.9 Solid water phantom 

 

The solid water phantom or Virtual Water® (CIVCO medical solution, IA, 

USA) selected in our studies is shown in Figure 4.10. This phantom is water-

equivalent phantom that made from epoxy resin based mixture used to perform routine 

in radiotherapy QA. The physical properties of this phantom are 1.03 g/cm3 of mass 

density (water equivalent), and 3.34x1023 electron/g of electron density. The size of 

Virtual Water is 30x30 cm2 with various thicknesses ranging from 0.2 to 5.0 cm. The 

phantoms are designed for detector insertion for 2.0 cm slab. This type of phantom 

dose not exhibits the charge storage effects. 

 

 
Figure 4.10. Solid water phantom or Virtual Water® (CIVCO medical solution, IA, 

USA). 
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4.2 Methods 

The experiment is divided into three parts.  

 

4.2.1 SPC analysis for patient-specific IMRT and VMAT QA 

In this part, the possible systematic errors and the appropriate control limits of 

percent gamma pass of patient-specific IMRT and VMAT QA were investigated using 

X control chart because each QA plan has one data of gamma pass. The 

nasopharyngeal carcinoma plan was selected in this study due to the large number of 

cases. We used the MapCHECK as a two-dimensional (2D) diode arrays to verify the 

patient-specific IMRT QA and chose the ArcCHECK for 3D diode arrays to verify the 

patient-specific VMAT QA. Moreover, the process capability index was used to 

evaluate the QA performance process.  

A. IMRT planning and QA 

The relatively large scale of patient-specific IMRT QA of 278 nasopharyngeal 

carcinoma plans for about two years during year 2007 to 2009 has been considered 

using a MapCHECK 2D diode array. Almost all of the nasopharyngeal carcinoma 

IMRT plans performed with 9 equi-angular beam arrangements of coplanar technique 

with dynamic MLC-based generated by the Eclipse treatment planning system (version 

7.3.10) for 6 MV on a Varian Clinac 21EX or 23EX linear accelerator. Most of the 

plans are sequential techniques of 200 cGy in 25 fractions for PTV-LR and 200 cGy in 

10 fractions more for PTV-HR, while some plans are simultaneous integrated boost 

technique in 33 fractions of 169.7 cGy/fraction for PTV-LR and 212.1 cGy/fraction for 

PTV-HR. After patient plan was approved by radiation oncologist, physicists created 
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the pretreatment verification plan on MapCHECK detector based on the composite 

plan at 0° degree gantry angle. The MapCHECK was employed to verify the IMRT 

QA. The SSD on MapCHECK surface was set at 98.65 cm and then it was covered by 

3 cm of solid water phantom as shown in Figure 4.11 (a). Therefore, the water 

equivalent depth of total buildup was 5 cm at the source to axis distance of 100 cm. 

However, before the IMRT plans were verified, the absolute dose of 200 cGy was 

calibrated at every date of QA session to reduce the effect of output variation. The 

SNC software was chosen to evaluate the plan comparison between measurement and 

calculation. The comparison was evaluated in absolute dose with gamma index. The 

gamma criteria of 3% dose difference between measurement and calculation and 3 mm 

distance-to-agreement (γ3%/3mm) with 10% threshold was selected to evaluate the plan 

verification [37]. The threshold dose means the minimum isodose in percentage 

compared to maximum dose, which above dose level used to analyze. The gamma 

index was applied from ellipses formula by using the dose and distance difference 

between measurement and calculation. The point that had gamma value higher than 

1.00 was not passed the criteria. The percentage of evaluated measurement points 

passing the criteria can be called % pass or percent gamma pass or gamma passing 

rate.  

 

B. VMAT planning and QA 

The RapidArc machine has been installed in Thailand at our institute in 2010. 

The 159 VMAT plans of nasopharyngeal carcinoma during year 2010-2011 were 

optimized and calculated by Eclipse treatment planning system version of 8.9.17. The 
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plans were performed with 6 MV photon energy by using 2 full arcs (185o to 175o CW 

and CCW rotation) and 1 partial arc (185o to 0o CW). In our experience, the 2.5 arc 

was an optimal number of arc for treating head and neck region. It was not only to 

improve the dose conformity, the homogeneity to PTV and the dose sparing to normal 

tissue, but also to stop the gantry angle to be ready for next patient setup. The 

maximum repetition rate was set to 600 MU/min and the medium thickness of Exact 

IGRT couch top structure was inserted in the planning to improve the accuracy of dose 

calculation. The collimator rotation was set at 340o for CW arc and 20o for CCW arc to 

reduce tongue-and-groove effect. The field size was manual set by the planner before 

optimization, and the maximum field in X-axis was be limited at 16 cm as the 

recommended from Varian’s specialist to get the best optimization. The VMAT plan 

was different from IMRT plan that most of the VMAT plans were simultaneous 

integrated boost (SIB) technique in 33 fractions and some plans are sequential 

techniques in 25 fractions for PTV-LR and 10 fractions more for PTV-HR. The 

physicist planned in both IMRT and VMAT techniques as shown in Figure 2.8, which 

the IMRT was planned first and then the dose constraints from IMRT were guided to 

optimize the VMAT plan. The oncologist would select the VMAT or IMRT plan to 

treat the patient by considering from DVH and isodose evaluation. If the VMAT plan 

was selected, the ArcCHECK cylindrical diode array was employed for patient-

specific QA. The ArcCHECK and the MapCHECK were from the same company, 

which both of these devices used the same detector material. After VMAT plan was 

approved by radiation oncologist, the VMAT plan was recalculated in ArcCHECK 

phantom based on composite plan for the same patient plan of monitor unit to get the 
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same MLC movement, same dose rate variation, and same gantry speed modulation. 

The isocenter was set at the center of ArcCHECK by using laser and cross-hair, the 

SSD of 86.60 cm would read on ArcCHECK surface as shown in Figure 4.11 (b). All 

detectors of ArcCHECK were perpendicular to the beam for all angles. This device 

was also calibrated in absolute dose of 200 cGy at 10x10 cm2 field size for every QA 

session date. After dose calibration, the VMAT QA plan could be measured in 

composite plan with real gantry angle. The measured doses from ArcCHECK were 

compared to calculated doses from planning in the SNC patient software. The γ3%/3mm 

and 10% dose threshold [37] was also used to analyze the VMAT QA results the same 

as IMRT QA criteria.  

 

 

Figure 4.11. The setting up of a) MapCHECK for patient-specific IMRT verification 

and b) ArcCHECK for patient-specific VMAT verification. 
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C. Statistical process control analysis  

C.1 X control chart analysis        

The individual (X) control chart was used to monitor and control the variation 

of process QA. The percentages of gamma pass of IMRT and VMAT QA plans 

between difference of MapCHECK/ArcCHECK measurement and Eclipse calculation 

are plotted on X control chart with plan number. The first fifty data points were used to 

calculate the control limits according to Montgomery [12] who recommended that at 

least 20 data points should be used to calculate control limit. However, if there were 

any out-of-control data points and we could find the sources of error, those out-of-

control points will be removed. Then the CL and control limits were recalculated to get 

the corrected control limits from random error only.  

 

C.2 Process capability analysis 

The process capability indices are the measure of process performance 

according to the specification or action limits. The Cp and Cpk are two commonly 

process capability indices that have been used in industrial engineering for long time. 

The Cp parameter explains how much the data dispersion but does not consider the 

process mean, while the Cpk index illustrates how close the process center but does not 

take the dispersion into account. The new index, Cpm, combines those two indices 

together to adequately describe process performance in one index. The Cpm can be 

calculated from Equation (2.10).                                           
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 X is an average of % gamma pass, while σ is the standard deviation of % 

gamma pass. USL and LSL are the upper and lower specification limits, respectively. If 

there are no standard criteria for specification limit, we can replace LSL with LCL. T is 

the process target value that can be assumed to the average of gamma pass value in 

condition of no target value. In case of the patient-specific IMRT and VMAT QA, 

however, one-sided lower specification should be set. It should not have the upper 

specification limit because the higher passing rate, the better result. The Cpm from 

Equation (2.10) can be modified to Cpml as shown in the Equation (4.1). 

 

                    (4.1) 
 

The constant 1.46 is recommended by Pillet [38] in case of one-side 

specification limit case. The higher Cpml value you calculated, the more efficiency 

result you get. In industrial engineering, the process capability index  value was 

accepted at 1.00 for the high quality of QA process. 

 

4.2.2 Linear accelerator output constancy checks using process control 

techniques 

Linear accelerator (linac) output constancy has always been an important part 

of a regular QA program because the absolute dose delivered to the patient is a major 

factor in determining the outcome of treatment. In this study, we applied Shewhart-

type control charts, EWMA charts, and capability indices for 2 years linac constancy 

QA during 2009 to 2010. These methods give more information than the traditional 

QA approach which defines the action limit at only value of ±3.0% from based line 

22 )(46.1 TX
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[4]. The SPC concept can explain the trend of data that we can monitor and expect the 

out-of-control limits before the serious problem has occurred. The goal of this 

experiment part is to determine an optimal implementation of these process control 

tools as part of a comprehensive QA strategy for linac output constancy verification 

and monitoring.   

The output of a Varian Clinac 21EX linear accelerator machine (Varian 

Medical Systems, Palo Alto, CA) for 6 and 10 MV photon beams, and 6, 9, 12, 16, and 

20 MeV electron beams was calibrated following the IAEA TRS-398 protocol [25].  

The routine output verification of all energies was undertaken with a Protea System 

Corporation Radiation Beam Analyser (RBA-3) dose constancy check (GAMMEX 

rmi, Middleton, WI) [35]. The data were collected by a physicist or physicist student 

once per week from January 2009 to August 2010. Fifty monitor units were delivered 

per reading with a 20x20 cm2 field size/cone size at 100 cm source-to-surface distance 

(SSD) with 1.8 cm additional buildup of Perspex for 10 MV photon beams and with 

0.8 cm additional buildup for 6 MV photon beams and all electron energy. The RBA-3 

was setup using the optical distance indicator and positioning lasers. The action limits 

for all energies was ±3% of baseline.   

Following our institutional protocol, at the end of each year a full calibration of 

output in solid water phantom was done. If the output for any energy was determined 

to be outside ±1.0% of 1.0 cGy/MU, then the output for that energy was adjusted until 

the output equaled 1.0 cGy/MU and new baseline values for the RBA-3 were acquired.  
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A. Shewhart-type control chart 

The UCL and LCL are calculated using the linac output data stream and are 

different for each energy. When the data fall within the UCL and LCL, then the process 

is said to be in-control and only common (random) causes affect the process.  

However, if any data point is out of the control limits, then special (non-random) 

causes are affecting the process and the source(s) of the special cause need to be 

identified and removed from the process to bring the process back in-control.   

Since each output constancy check can be considered for a subgroup of size 

one, individual (X) charts were used. The average and limits are calculated from 

Equation (2.1).
 

R is the range of a subgroup and d2 is a bias correction constant that depends on 

the subgroup size n. It is customary to use the constant value d2 = 1.128 for subgroup 

size n = 1. In the case of n = 1, the range is taken as the moving range, MR, which is 

the absolute value of the difference between two consecutive data points (MRi = | Xi – 

Xi-1|). The X is calculated as the average over a specified number of data points or 

subgroups and the average moving range, MR , is calculated over the same data points.   

We investigated control chart limits as a function of the number of data points 

to calculate the limits (n = 1). The data of first 4, 8, 12, 16, and 20 points, representing 

to 1, 2, 3, 4, and 5 months, were varied to calculate the control limits in each year for 

each beam energy. However, if there were any points in the calculation limit that were 

out-of-control and the source of the error was known, then those out-of-control points 

were removed and the control limits were recalculated [12]. The effect that the number 

of data used to calculate the control limits has on the detection of out-of-control 
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process behavior is investigated by comparing the signal to noise ratio ( x  ) over the 

data used.   

 

B.    Exponentially Weighted Moving Average (EWMA) chart 

Where the X-chart is used to detect large changes in the process, the EWMA 

chart is used to detect gradual drifts in the process. From the previous data, the output 

is normally gradual shift. So, the EWMA chart might be more suitable in this case. The 

EWMA equation is given by Equation (2.6). The λ is the weighting or smoothing 

factor with values 0 < λ ≤ 1, which makes the EWMA chart sensitive to small process 

drifts. A large λ value means a greater weight to recent data. The parameter L is the 

width of the control limit.   Difference than X-charts; the UCL and LCL are calculated 

with each new data point for EWMA charts. However, similar to X-charts, the EWMA 

charts also rely on the assumption that the samples (or individual values) are 

independent.   

We varied the parameters λ and L such that λ = 0.05, L = 2.492; λ = 0.10, L = 

2.703; and λ = 0.20, L = 2.860 and the number of points used to estimate 0 and σ 

were varied from 1 to 5 months. Note, 0 is the same as the X the X-charts. The 

values of λ and L were chosen as a range of values that are the compromise between 

efficient detection of process drifts and chart insensitivity to non-normal data.   

 

C.    Process capability and acceptability 

For routine linear accelerator output checks, the action limits are determined 

from the AAPM Task Group No.142 at ±3.0% of baseline for daily linear accelerator 
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output checks [4]. In this work, we use this same criterion for weekly linear accelerator 

output checks. The process capability indices, Cp and Cpk, were chosen for this work 

because they are industry standards.  

To investigate the impact of run length on the interpretation of capability and 

acceptability, we have used the first run and longest run of in–control points in each 

year to calculate the Cp and Cpk for each energy as well as the number of data points 

used to calculate the X-chart limits upon which the Cp and Cpk are determined. The first 

run is the number of data points until reaching the first out-of-control point, while the 

longest run is the number of longest consecutive data points within the control limits. 

It is important to note that Cp and Cpk in Equations (2.8) and (2.9) are usually 

point estimates approximated by using the sample standard deviation (or
2MR d ) to 

estimate  and the sample average to estimate . Therefore, Cp and Cpk are subject to 

statistical fluctuations and confidence intervals should be reported. We used the 

sample standard deviation and average to determine Cp and Cpk and results are reported 

at the 95% confidence interval.  

 

4.2.3 On setting tolerance limits for process monitoring in radiotherapy 

This part proposed a systematic approach and set the local tolerance limits 

based on the process capability index method. This study also explained how to apply 

process capability index to find the tolerance limits with different types of data 

distribution in real clinical situations in radiotherapy QA. The three clinical QA 

conditions depended on distribution type of data are the % point dose difference of 631 

prostate IMRT QA plans for normal distribution data type, the % gamma pass of 157 
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nasopharynx VMAT QA plans for left-skewed data distribution type, and the PTV 

homogeneity index of 150 head and neck VMAT plans for right-skewed data 

distribution type. 

Quality assurance is a systematic procedure of monitoring and controlling all of 

the process to ensure that the process of product or service can pass criteria. The 

criterion is typically referred to tolerance limit or action limit. However, there is no 

universal definition to define these two limits. Even in radiology field, it has some 

confusion between these two terms. The SSK [39] has a publication paper on “Quality 

Control of Nuclear Medicine Equipment” that defined tighter in action limit compared 

with tolerance limit. The example from this publication is (reference value + 5%) for 

action level and (reference value + 10%) for tolerance level of sensitivity of planer 

gamma cameras. However, the radiotherapy field defined totally converse way from 

above definition. ESTRO group shows the definition of tolerance and action levels in 

“guidelines for the verification of IMRT” [40], and the college of radiographer, IPEM, 

and RCR has definition of the tolerance and action limits in “On target: ensuring 

geometric accuracy in radiotherapy” [41]. They said the action limit is normally set at 

twice of tolerance limit. The example of radiotherapy limit in tolerance and action 

limits is ±3% dose difference for tolerance limit and ±5% dose difference for action 

limit for IMRT point dose verification [40] or Palta [41] defined action limit of gantry, 

MLC, and table isocenter at 1.0 mm radius and tolerance limit at 0.75 mm radius. In 

this study, we follow the definition from radiotherapy field. Our opinion is that the 

action limit should be set by expert for standard criteria, while the appropriated 

tolerance limit should be set for each institute because of different environment, 
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different machine, and also different QA device. If the QA result exceeds action limit, 

it should be no longer performed the equipment or treat patient and physicist should 

take an action as soon as possible. If the QA result falls between tolerance limit and 

action limit, the physicist should be investigated until suitable moment. If the QA 

difference between measured and ideal value is lower than tolerance limit, no need to 

take any action. 

PCI is one of the common tools of SPC used to evaluate the ability of process 

compared with specification limits and process centering. There was few medical 

physicist groups applied process capability family to radiotherapy QA [30, 32]. The 

limitation from PCI should be better than traditional limitation setting because PCI 

takes the process target into the consideration. 

After QA measurement, the physicist needs to evaluate the QA results that pass 

or not pass. AAPM and ESTRO are symbolized of medical physicist groups of USA 

and Europe who try to set the criteria for accepted QA measurement result. The 

different QA measurements or different data types have different methods to design 

the passing criteria. Most of the QA data types in radiotherapy physics are defined in 

percentage, distance, or angle different from the ideal value. However, the methods to 

define these limitations are different. Some of them relied on the machine function or 

experience of user, while some limitations used the statistical method to set the 

limitation, for example standard deviation or percentile. This study shows some 

example and explains how to use the PCI to define the tolerance limits in all three 

types of data distribution. 
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A. Taguchi’s Process capability index  

The new process capability index (Cpm), based on Taguchi’s loss function 

replaced with the traditional step function, shown in Equation (2.10) was used in this 

study. The constant A depends on the quality you need, typically this constant is set to 

6 for Cpm of 1.0 in case of perfect center at midpoint. However, every case in this study 

set the Cpm at 1.33 for an optimal operating process as shown in Figure 2.6.  Although 

the constant A is normally used at 6 for 6 standard deviation units in industrial 

manufacturing, however, it is quite large value for radiotherapy QA aspect. When we 

use the Minitab to random normal distribution data with perfect centering for 1000 

data, we found that the constant A of 3 is the best fit with using 95th percentile and 

mean+1.96 SD methods (the standard methods used in some guidelines of ESTRO and 

AAPM, respectively). Therefore, we select 3 for constant A of normal distribution 

data. The σ is the process standard deviation, X is the process mean and T refers the 

process target value that is normally the midpoint between UTL and LTL.  

The tolerance range, different between UTL and LTL, is calculated from 

Equation (4.2).         

              (4.2) 
 

The tolerance limit is tolerance range divide by 2. So, it can be calculated from 

Equation (4.3). 

                               (4.3) 
 

])([_ 22 TXACRangeTolerance pm  

2/])([ 22 TXACTolerance pm  
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The Cpm in Equation (2.10) is changed to Cpml and Cpmu for finding only lower 

tolerance and upper tolerance limits, respectively. The Cpml can be defined by Equation 

(4.4).  

 

                             (4.4) 
 

From Equation (3.4), the LTL can be found from Equation (4.5). 
 

                                                                  (4.5) 

In the same way, the UTL is calculated from Equation (4.6). 

 

                        (4.6) 
 

For the one-side tolerance limit, the Taguchi’s loss function, KX2, was used in 

the calculation. The constant A of one-side tolerance limit is different from two-side 

tolerance limits. The selection of A depends on desired quality. Based on Pillet [38] 

solving, constant A was selected at 1.46. 

 

B. Clinical cases 

The QA in clinical cases also divided into 3 data distribution types. The type of 

distribution data was differentiated by skewness value. The skewness is a measure of 

the asymmetry of the probability distribution that will close to 0, negative, and positive 

in case of normal, left-skewed, and right-skewed distribution data, respectively. The 

skewness formula is shown in Equation (4.7).  
 

])([ 22 TXACXLTL pml  

])([ 22 TXACXUTL pmu  
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                    (4.7) 
 

We show the investigation of point dose differences in prostate IMRT QA as a 

normal distribution data, percentage of gamma pass in nasopharyngeal VMAT QA as a 

left-skewed distribution data, and homogeneity index of head and neck of VMAT plan 

as a right-skewed distribution data.   

B1. A process with normal distribution data 

The normal distribution (Gaussian distribution) is the most common types of 

distribution in natural processes. The shape of this distribution resembles a bell. The 

characteristic of this distribution is the highest frequency group at mean value and 

symmetrical reduces of frequency as tails to right and left from the mean value. If the 

data are normal, the mean, mode, and median are the same value. The kurtosis of 

normal distribution depends on the SD value. The example of normal distribution data 

is the score of examination. Many students get score around the mean value, while 

only some students get high or low score. The examples in radiotherapy QA are patient 

setup errors (target at 0.0 cm), output constancy check (target at 1.0 cGy/MU), or point 

dose difference between measurement and calculation. The last example is shown in 

this study.  

The cylindrical ionization chamber of 0.6 cm3 volume was used to verify the 

point dose measurement. The ion chamber was set at 10.0 cm depth in solid water 

phantom with SAD treatment technique. This pretreatment verification plan was based 

on composited plan at 0° degree gantry angle. The 631 prostate IMRT plans were used 

to investigate in this study. The measured doses from ion chamber were compared with 
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calculated dose from treatment planning by using percentage of dose different to 

evaluate the QA plan.  
 

B2. A process with left-skewed distribution data 

This skewed distribution is not symmetry data on the right and left from the 

mode of data because it has a natural prevents outcomes on one side. The left or right-

skewed distributions are according to the tail direction. The negative or left-skewed 

distribution shows the long tail on the left side with few low values, the mass of 

distribution data is concentrated on the right side. The tolerance limit of left-skewed 

distribution is normally focused to only the LTL. The calculated skewness is negative 

value. The example of left-skewed distribution data is the score of easy examination. 

Many students get the high score (but not more than full score; target), while only 

some students get low score. The case of the patient-specific QA that used gamma 

index evaluation is good clinical example for a process with left-skewed distribution. 

This distribution needs only one-sided lower tolerance limit. It should not have the 

upper tolerance limit because the higher passing rate, the better result you will get. The 

maximum of percent gamma pass is fixed at 100% and this is the target value. This 

study used the percent gamma pass of VMAT QA for nasopharyngeal cancer plans for 

the example of this clinical case. At our institution, the ArcCHECK 3D diode array 

(Sun Nuclear Corporation, Melbourne, FL) was employed as a standard QA device for 

patient-specific VMAT QA.  

The ArcCHECK was set on treatment couch by using laser and cross-hair at 

86.60 cm SSD on ArcCHECK surface. After using control chart to separate systematic 

error from random error, two of systematic error plans were removed from this study. 
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One error is from very small field that is not good enough to analyze by low resolution 

detector of ArcCHECK, while another error is due to human error.  The remainder 157 

VMAT plans of nasopharyngeal carcinoma from one year data were used to evaluate 

in this example. The measured doses from ArcCHECK were compared to calculated 

doses from Eclipse planning in ArcCHECK software. The gamma index with the 

criteria of 3% dose differences and 3 mm distance-to-agreement (γ3%/3mm) with 10% 

dose threshold on 3D mode analysis was used to analyze the QA results [24].  

For the gamma evaluation, AAPM Task Group number 119 [5] defines the 

action limit of gamma evaluation from IMRT QA by using 1.96 σ, while 

QUASIMODO project [42] from ESTRO group used 95th percentile to specify the 

limitation of percent gamma evaluation. We applied these calculation methods to 

define the lower limit of VMAT QA. The percentile can be calculated from Equation 

(4.8).  

                 (4.8) 

 

where cf represents cumulative frequency and f is frequency. N is the total number of 

data. 
 

B3. A process with right-skewed distribution data 

In contrast with left-skewed distribution, the positive or right-skew distribution 

has long tail on the right side with few high values. The large frequency of data is lie 

on the left side. The specification limit of this distribution is generally concentrated to 

the UTL. The skewness value is more than zero for right-skewed distribution. The 
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example of right-skewed distribution data is the score of difficult examination. Many 

students get the low score, while only some students get quite high score. However, 

this example will get low capability because the target is full score but most of the 

students get low score. Another example is the gold plate making. The target thickness 

of gold plate is as thin as possible. In practice, most of the gold plate can make very 

thin thickness (but thicker than 0 μm thickness), while some of them has large 

thickness. This case will get high capability with a USL. The clinical example of this 

distribution data is homogeneity index (HI) of PTV. There are several formulas for HI. 

Our institute selects the formula from Gutierrez [43] that can be defined by Equation 

(4.9). 
         

         (4.9) 
 

where D2 and D98 considered to be the maximum and minimum doses those represents 

the PTV doses at 2% and 98% of the target volume, respectively. The Dmedian is median 

dose of the PTV as shown in Figure 4.12. The lesser value of HI corresponds to a 

more homogeneous dose of PTV. The ideal value of HI is zero that means very sharp 

dose-volume histogram of PTV. The HI of example case in Figure 4.12 is 0.10. 
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D98 = 
6886.31 cGy

D2 =   
7607.96 cGy

Median Dose 
7211.9 cGy

 
Figure 4.12. The dose volume histogram of PTV with D2, D98, and Dmedian. 

The right-skew distribution example was evaluated from 150 VMAT plans for 

head and neck cancer. The Eclipse planning version of 8.9.17 was used in this study. 

All of our plans were based on 6 MV photon beams with 2 full rotational arcs and 1 

half rotational arc. The plans were optimized and calculated by random experienced 

physicists and were approved by radiation oncology before doing the plan evaluation.  

  

4.3 Anticipated outcomes 

1. Demonstrate the use and benefit of control charts to existing quality control 

procedures in radiotherapy of patient-specific IMRT and VMAT QA, linac 

output constancy monitoring, and PTV homogeneity index. 

2. Determine the optimal control charts for linac output constancy monitoring. 

3. Provide the suitable tolerance limits that define high quality for QA process. 



 

 

CHAPTER V 

RESULTS 

 

5.1 SPC analysis for patient-specific IMRT and VMAT QA 

The nasopharyngeal IMRT and VMAT QA plans were compared between the 

MapCHECK/ArcCHECK measurement and Eclipse treatment planning using SNC 

patient software. The % gamma passes were plotted on X control chart to estimate the 

suitable tolerance control limits.  

Figure 5.1 shows IMRT QA plan comparison in SNC patient software consists 

of 4 panel screens, which are the dose map of data set 1 (MapCHECK measured), dose 

map data set 2 (Eclipse calculated), profile across a selected axis comparison panel, 

and plan evaluation panel with fail points shown, following the clockwise direction 

starting from right upper panel screen. The evaluation panel shows the out-of-criterion 

points that red point represents the higher measured dose than calculated dose and vice 

versa for the blue dot.  
 

 

%Pass 

93.5% 
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Figure 5.1. The IMRT QA plan comparison of nasopharyngeal carcinoma in SNC 

patient software measured by MapCHECK and calculated by Eclipse. The dots in left 

lower panel represent out-of gamma criterion points. The red dot implies the dose from 

MapCHECK measurement is higher than Eclipse calculation, while the blue dot 

represents the dose from MapCHECK measurement is lower than Eclipse calculation.  

 

Figure 5.2 presents VMAT QA plan comparison in SNC patient software 

consists of 4 panel screens, which are the dose map of data set 1 (ArcCHECK 

measured) in left upper window, dose map data set 2 (Eclipse calculated) in right upper 

window, plan evaluation panel with fail points shown in central panel, and profile 

comparison in lower panel. 
 

 
Figure 5.2. The VMAT QA plan comparison of nasopharyngeal carcinoma in SNC 

patient software measured by ArcCHECK and calculated by Eclipse. 

 

 

%Pass 

98.9% 
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The raw data of % gamma pass in IMRT and VMAT QA for nasopharyngeal 

carcinoma are shown in appendix I and II, respectively. When using first 50 points of 

gamma pass value calculated the CL, UCL, and LCL of IMRT plans, a systematic error 

was identified for point numbers 26, 32, 33 and 34 (from Figure 5.3 (a)). Therefore, 

these four points were removed and then new limitations were recalculated. For the 

VMAT QA, the data point number 26 was lower than LCL when using first 50 points 

calculated limits. This data point was not actual systematic error because this case used 

very small field size with complicated plan and also the ArcCHECK detectors were 

low resolution. We decided to remove this data point from the control limit calculation.  

 

Table 5.1. The control limits of X chart between using all first 50 plans and out-of-

control points removed for nasopharyngeal carcinoma IMRT and VMAT plans.  

Techniques 
control limits calculated 

from first fifty plans 

control limits calculated 

from first fifty plans with 

systematic errors removed 

 UCL CL LCL UCL CL LCL 

IMRT 107.9 92.9 77.8 105.1 95.1 85.0 

VMAT 103.5 96.5 89.5 103.1 96.7 90.3 

 

The comparison of limitation results between first fifty point calculation and 

systematic error removed in X charts of IMRT and VMAT QA is displayed in Table 

5.1. When those systematic errors were removed, the calculation limits in both IMRT 

and VMAT QA were narrower. The UCL, CL, and LCL of IMRT QA after systematic 



61 
 

 

error removed were 105.1%, 95.1%, and 85.0%, respectively. The UCL, CL, and LCL 

of VMAT QA when systematic error removed were 103.1%, 96.7%, and 90.3%, 

respectively.  Because the maximum value of gamma evaluation was 100%, the UCL 

should not be considered. The LCL was only one parameter to define the passing 

criteria of percent gamma pass. 

After the control limits set, the continuing QA data were plotted on the chart. 

When the QA data point shows out-of-control limits, the chart is react the Physicist to 

immediately check the errors. Figure 5.3 (a) is the X control chart of IMRT QA 

results. The control limits from first 50 points was used to calculate for systematic 

error removed. It showed less than 3.6% of the points were (10 from 278 points) 

outside the control limit due to systematic error, however, there were some out-of-

control points (6 from 278 points) that close to LCL but it was not demonstrated the 

systematic error. Most of these points were due to complicated plans with large area of 

high doses and high dose gradients. The remainder 262 plans from 278 plans (>94%) 

were within the control limit that implied random error of QA process. Almost all of 

the systematic error points were due to the human error, so the source of errors should 

be found and removed.  

Figure 5.3 (b) is the X control chart of VMAT QA results. The control limits 

was calculated from first 50 points. We found one out-of-control points from 

complicated plan with small field size. Therefore, we removed that out-of-control point 

and used only 49 points to calculate the control limit. The chart detected two 

systematic error and three near-mis error points.  
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                             (b) 

Figure 5.3. Individual (X) control chart of % gamma pass of patient-specific (a) IMRT 

QA and (b) VMAT QA for nasopharyngeal carcinoma plans with center line (CL) and 

lower control limit (LCL). The open circle sign represents the calculated points of the 

control limits (without systematic error points), while the open square points are the 

data points of remainder IMRT QA results. 
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If the IMRT and VMAT QA result were compared, it was significantly higher 

CL and LCL of VMAT than IMRT. When we evaluated the plan by using the average 

and SD of all IMRT and VMAT plan with systematic error removed, it showed the 

average of % gamma pass at 93.7% ± 3.7% for IMRT QA and 96.6% ± 2.2% for 

VMAT QA. This implied that the VMAT technique had more efficiency to treat 

because the measured dose distribution of VMAT case from diode array was closer to 

the predicted dose from Eclipse treatment planning than IMRT study. The result was 

confirmed by process capability index Cpml values of 1.60 and 1.99 for IMRT and 

VMAT, respectively. This Cpml values were based on systematic error removed. 

 

5.2 Linear accelerator output constancy checks using process control techniques 

The linac output was analyzed for all energies (6 and 10 MV photon beams, 

and 6, 9, 12, 16, and 20 MeV electron beams) by varying the number of control limits 

calculation points from 1, 2, 3, 4, and 5 month of data in both X and EWMA charts to 

find the appropriate data for calculating the control limit.  
 

A. Shewhart-type control chart 

The example of X-control charts for output consistency are shown for one 

photon (6 MV) and one electron (12 MeV) energy in Figure 5.4. The first 44 data 

points belong to year 2009, and the remainders are the output values for year 2010. 

The raw data appear in appendix III. The two figures on the left use first month of data 

to calculate control limits, while right two figures use first four months for calculating 

limits. 
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In 2009, point number 15 was a systematic error owing to setup error where a 

junior physicist set a 100 cm SSD on surface of RBA-3 instead of a 100 cm SSD on 

Perspex phantom.  For all charts where point 15 was out-of-control over the time used 

to calculate the limits, it was removed and new control limits were calculated.  This 

resulted in only an average of 0.1% change in the control chart limit width for all 

energies.  The average output in year 2009 was lower than 1.0 cGy/MU while, most of 

the output data in year 2010 were higher than 1.0 cGy/MU.  Point number 31 also had 

an error in RBA-3 setup.  The outputs were checked the day after (point 32).  When 

using 1 month of data to calculate the limits, point number 43 was out-of-control for 

almost all energies (but not for 12 MeV as shown in Figure 5.4).  The measurements 

were repeated two days later (point 44) and the result still showed out-of-control 

process behavior (e.g., Figure 5.4 (a)).  Therefore, it was decided to do the full 

calibration in water phantom, which confirmed deviations of more than 1.0 cGy/MU 

for all energies.  The outputs were then calibrated to 1.0 cGy/MU starting at point 45 

(Figure 5.4 a-d).  After point 74 in 2010, the process showed consistent the out-of-

control behavior.  A full calibration was done about one month before the scheduled 

time (i.e., at point 84). 
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Figure 5.4.  The X-control chart for output constancy check for 6 MV (a, b) and 12 

MeV (c, d). The output data in first month used to calculate the control limit are 

displayed in (a) and (c), while (b) and (d) used four months of data. The solid lines 

are the process behavior limits and the center line.  The open circles are the data 

points used to calculate the control limits. 

 

The number of consecutive in-control data points on X-charts is important 

because in-control process behavior is the basis for the correct interpretation of process 

capability and acceptability. Table 5.2 displays the number of first run points and 

number of longest run points before an out-of-control point is detected from the X-

chart for 6 and 10 MV photon beams, and 6, 9, 12, 16, and 20 MeV electron beams 

with different number of data points used to calculate the limits.   
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Table 5.2.  The number of first run points before out-of-control limits and number of 

longest run points on the X-charts for 6 and 10 MV photon beams, and 6, 9, 12, 16, and 

20 MeV electron beams.  Each month is equal to 4 data points.  N is the number of data 

points in month used to calculate the limits. 
 

N 

(month) 

6X '09 10X '09 6E '09 9E '09 12E '09 16E '09 20E '09 

1st Long 1st Long 1st Long 1st Long 1st Long 1st Long 1st Long 

1 5 5 5 7 5 5 8 11 13 29 6 12 5 11 

2 12 15 12 15 14 15 14 15 13 29 14 15 14 15 

3 12 15 14 15 14 15 14 15 13 29 14 15 14 15 

4 30 30 30 30 30 30 14 15 13 29 14 15 14 29 

5 30 30 30 30 14 15 12 15 12 29 14 15 14 15 

 

 Figure 5.5 shows signal to noise ratio for each energy in 2009 and 2010. The 4 

data points used to calculate control limit has large variation in each energy, so the first 

month of data show large signal to noise ratio variation in each energy. There is a clear 

trend that by month 2 or 3 (8 to 12 data points), the limits are stable.  The process is 

more stable in 2010 (see Figure 5.5 (b)), which shows that the overall value of 

normalized signal to noise is improved.   
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Figure 5.5.  Signal to noise ratio ( x  ) normalized by the number of in-control 

data points for the data in (a) 2009 and (b) 2010 for the first run of the data in-

control for all energies. 
 

B. Exponentially Weighted Moving Average (EWMA) Chart 

EWMA charts are useful to detect slow drifts of a process.  This chart type was 

not only varied the number of calculated point from 1 to 5 months for all photon and 

electron energies, but also varied the 3 set of parameters λ and L. The EWMA chart in 

Figure 4.6 displays an example of the output measurements for 6 MV photon beam 

and 12 MeV electron beam with λ = 0.05, L = 2.492, and λ = 0.20, L = 2.860 and 

using 1 month (4 points) in the calculation to estimate 0 and  from the raw data in 

appendix IV.  The greater λ and L are selected, the larger limit width becomes as 

shown in Figure 5.6. The processes for all energies exhibit out-of-control behavior.  

For 12 MeV in 2009 and different λ and L, the EWMA charts detect out-of-control 

process behavior at points 14 or 15.  Similar results are found for 6 MV in 2009 at 

point 9 or 10.  For 6 MV in 2009 (λ=0.2), the process wanders in- and out-of-control 

starting at point 10 and similar behavior is seen for the 12 MeV process. 
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Figure 5.6.  The Exponentially Weighted Moving Average (EWMA) chart for output 

constancy check measured by central ionization chamber of RBA-3 device with first 

month calculated control limits for (a) 6 MV; λ=0.05, L=2.492, (b)  6 MV; λ=0.20, 

L=2.860, (c)12 MeV; λ=0.05, L=2.492, and (d) 12 MeV; λ=0.20, L=2.860. The open 

circles are the points used to calculate control limit and the filled dots are collecting 

output data. The solid red line represents control limits. 

 

Table 5.3 shows number of first in-control run points from EWMA chart of 

photon beams and some energy of electron beams for 1 to 3 months (4-12 points) in 

example used to calculate the control limits at different λ and L parameters.  For a 

given number of points used to estimate 0 and , there was not a significantly 
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different of number of first run point’s in-control for different λ and L parameters 

(Table 5.3).  The processes are stable over a longer period of time in 2010 compared 

to 2009 before eventually going and remaining out-of-control. 
 

C. Process capability and acceptability 

Process capability ratio and process acceptability ratio, Cp and Cpk, were used to 

characterize the process performance of radiation routine output the linac.  The data for 

the year 12 MeV in 2009 and 6 MV, 9 MeV, and 20 MeV in 2010 were non-normal 

and consequently transformed to normal prior to calculating the process capability and 

acceptability. Figure 5.7 displays the Cp and Cpk values with different time to calculate 

the control limit for 6 MV (a) and 12 MeV (b) in both first run and longest run for 

2009 and 2010.  

 

 
Figure 5.7.  The capability ratio (Cp) and acceptability ratio (Cpk) of first run and 

longest run for output constancy check measured by central ionization chamber of 

RBA-3 device with different time to calculate the control limits for (a) 6 MV photon 

beams and (b) 12 MeV electron beams. 
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Table 5.3.  The number of measurements before the first out-of-control point is 

observed on the EWMA charts for 6 and 10 MV photon beams, and 6, 12 and 20 MeV 

electron beams using 1 to 3 months (4-12 data points) to calculate the control limits for 

different smoothing parameter (λ) and limit width (L).  N is the number of data points 

in month used to calculate the limits. 

 

 

 

 

N 

(month) 
Parameters 

6X 10 X 6E 12E 20E 

'09 '10 '09 '10 '09 '10 '09 '10 '09 '10 

1 

λ=0.05, L=2.492 9 33 8 24 9 13 15 21 13 13 

λ=0.10, L=2.703 10 32 9 24 9 13 15 21 12 12 

λ=0.20, L=2.860 10 31 9 24 9 13 14 21 12 11 

            

2 

λ=0.05, L=2.492 11 24 12 23 12 13 13 21 12 11 

λ=0.10, L=2.703 11 24 11 23 12 13 12 21 12 11 

λ=0.20, L=2.860 10 24 11 24 10 12 12 21 12 11 

            

3 

λ=0.05, L=2.492 31 24 29 24 29 21 15 22 0 17 

λ=0.10, L=2.703 31 24 16 24 29 21 15 21 15 16 

λ=0.20, L=2.860 15 24 15 24 15 21 14 21 15 15 
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Figure 5.8 shows a comparison of calculated Cp and Cpk with 95% confidence 

interval calculated using the first in-control run of data for all photon and electron 

energies in the years 2009 and 2010.  The result showed Cpk values were lower than Cp 

values for all energies, which implied the process has some shift from the target values 

and is also evident on the X-charts.  However, both Cp and Cpk were higher than 1.0 for 

most energies except 12 MeV in year 2009 and 20 MeV in 2010.   
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Figure 5.8.  The capability ratio (Cp) and acceptability ratio (Cpk) with the 95% 

confidence interval for the process of linac output verification per energy using the 

first in-control run and 2 months of data to calculate the control limits.  Values of 

Cp and Cpk above the dashed horizontal line are considered acceptable (also see 

Figure 2.5). 
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5.3 On setting tolerance limits for process monitoring in radiotherapy 

The tolerance limits using process capability index concept are set for 3 types 

of data distribution. The point dose differences in prostate IMRT QA is a normal 

distribution data, the percentage of gamma pass in nasopharyngeal VMAT QA is a 

left-skewed distribution data, and the PTV homogeneity index of head and neck of 

VMAT plan is a right-skewed distribution data.   
 

A. A process with normal distribution data 

The skewness of point dose difference of IMRT QA result is -0.09, which is 

shown in Table I, while the normal distribution fit of this %error scenario is shown in 

Figure 5.9.  The % point dose difference of all data is displayed in appendix V. The 

Table 5.4 also shows average and standard deviation of percent point dose different of 

0.18% and 1.79%, respectively. Our local calculated tolerance limit of point dose 

difference for IMRT QA plan from Cpm method is ± 3.60%, while the ESTRO group 

has been defined the action limits at ± 5%.  

 



73 
 

 

0
20
40
60
80

100
120
140

-5.4 to -4.5
-4.4 to -3.5
-3.4 to -2.5
-2.4 to -1.5
-1.4 to -0.5
-0.4 to 0.5 
0.6 to 1.5
1.6 to 2.5
2.6 to 3.5
3.6 to 4.5
4.6 to 5.5

Fr
eq

ue
nc

y

Point dose difference (%)
 

Figure 5.9. Histogram of percent dose difference between measured and calculated of 

patient-specific prostate IMRT QA as normal distribution data. 

 

Table 5.4. The mean, SD, target, and skewness of clinical application data of % point 

dose difference for prostate IMRT QA (normal distribution), % gamma pass of VMAT 

nasopharynx QA (left-skewed distribution), and homogeneity index of head and neck 

plan (right-skewed distribution). 
 

Parameters  
% point dose diff 

(normal dist.) 

% gamma pass 

(Lt.-skewed dist.) 

HI 

(Rt.-skewed dist.) 

Mean  0.18 96.63 0.10 

SD  1.79 2.19 0.40 

Target  0.00 100.00 0.0 

Skewness  -0.09 -0.70 1.39 
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B. A process with left-skewed distribution data 

The skeweness of percent gamma pass of nasopharyngeal carcinoma VMAT 

QA is -0.70. The raw data are presented in appendix VI. The average of this data is 

96.63±2.19% that is shown in Table 5.3. The distribution of percent gamma pass was 

plotted and shows in Figure 5.10.   

The results from Table II shows our lower tolerance limit (LTL) of percent 

gamma pass from Cpm method at 88.82%, while calculated action limit from AAPM 

Task Group No. 119 and QUASIMODO project methods shows lower action limit 

(LAL) of 92.33% and 92.66%, respectively.  
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Figure 5.10. Histogram of percent gamma passing rate of patient-specific 

nasopharyngeal carcinoma VMAT QA as a left-skewed distribution data. 
 

C. A process with right-skewed distribution data 

Our average HI result of VMAT QA of head and neck cases is 0.1±0.4 as 

shown in Table 5.5 and the histogram result is shown in Figure 5.11. The data of this 
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research part is shown in appendix VI. The table also shows the skewness value of 

1.39 that confirmed the right-skewed. The upper tolerance limit (UTL) of our HI is 

0.19. There are no standard criteria from expert field from this HI formula.  
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Figure 5.11. Histogram of homogeneity index of VMAT plan of head and neck cancer 

as a right-skewed distribution. 
 

Table 5.5. The tolerance and action limits for clinical application data of % point dose 

difference of IMRT QA (normal distribution), % gamma pass of VMAT QA (left-

skewed distribution), and homogeneity index (right-skewed distribution). 

QA methods  Tolerance Action 

% point dose difference 
 

 ± 3.60 

 

± 5% (ESTRO) 
 

% gamma pass  88.82% 
92.33% (AAPM TG 119) 

92.66% (QUASIMODO) 
 

Homogeneity index  
 

0.19 
 

- 
 



 

 

CHAPTER VI 

DISCUSSION 

 

 The statistical process control has been used in many fields such as industrial, 

business, and healthcare. The concept of SPC has also been applied to radiotherapy 

QA for few years to increase the efficiency of QA process, especially in advanced 

treatment techniques. Control chart is an effective tool to detect the uncontrolled 

variations by separating that variation from random variation. If the chart indicates that 

the process is under control then it can be used with confidence for random error data. 

However, if the chart indicates the out-of-control process, it will assist the QA staff to 

determine the source of variation. Then, eliminated outside limits point and bring 

result back into control simultaneously. It is not only the out-of-control points implied 

the systematic error, but the data pattern from the chart can explain possible systematic 

error as well. For example, if the data jump or suddenly move, it would be come from 

human or machine error. If the data are still within control limit but data are 

significantly separated into two groups. We should look back to the procedure that data 

were collected from two QA personnel or collected in two separate times like in the 

morning and evening. In case of the chart shows the trend upward or downward 

pattern, it might be due to the degrading in sensitivity of machine or detector itself. If 

the chart displays the cycle pattern, it normally responses to the cycle time of 

measurement.  

There are many types of control chart, which the users need to understand the 

selection of suitable chart. For the Shewhart control chart, it depends on the data type 
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and number of subgroups as shown in Figure 2.3. There is another special chart, 

EWMA chart, which is more sensitive to detect the small shift in the process. The 

Shewhart chart would be used to detect the variation process larger than ±1.5σ, while 

the EWMA is more sensitive to find out the variation process smaller than ±1.5σ.  

 The discussion part is separated to 3 parts following the methodology and 

results parts. 

6.1. SPC analysis for patient-specific IMRT and VMAT QA 

The IMRT or VMAT techniques are the standard treatment technique in head 

and neck region at our center. There were some publications compared the clinical 

evaluation between IMRT and VMAT treatment techniques [20-21]. The VMAT had 

smoother dose distribution as demonstrated in Figure 2.7, and the treatment time was 

reduced. The dose conformity to PTV and dose to normal tissues for two techniques 

were comparable. However, there were only few dosimetric studies compared the QA 

results between IMRT and VMAT. We know that these two treatment techniques are 

quite complicated plans in head and neck region. The QA results are important and 

would be one of the indicators to select the technique. 

The MapCHECK 2D diode array is a device to verify the patient-specific 

IMRT QA in our routine, while the ArcCHECK 3D diode array is selected for the 

VMAT technique. Although gamma evaluation is a standard tool for 2D to 3D planar 

dose QA, in this work, the control chart and process capability index are the optional 

tool applied to analyze IMRT and VMAT QA results in the other fashion to assist the 

decision of the best treatment technique.  

From Figure 5.1 (a), the systematic errors presented in the charts are due to; 
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wrong case comparison (point 26) of same patient first name but different surname, 

incorrect depth of additional buildup (points 32, 33, 34) from 3 cm to 4 cm, export the 

wrong slice plane from planning for dose comparison (point 65), incomplete composite 

field (point 77) using 7 fields combination instead of 9 fields, SSD setup error (point 

113-114) from confusing student setup of 2.0 cm depth instead of 1.35 cm PMMA 

inherent buildup, and incorrect calibration dose (points 158-159) by using the monitor 

unit of 10 MV to calibrate 6 MV energy. The remainder out-of-control points are due 

to complicated plans itself. Although the VMAT planning employed more beam 

parameters to modulate the radiation dose than IMRT technique, the VMAT QA 

results are surprisingly better than IMRT QA. This is because the VMAT uses more of 

an aperture optimization that results in a more homogeneous dose distribution, lesser 

complexity of plan, and lesser high dose gradient with lesser MUs. The consequence is 

better match of VMAT dose distribution between measurement and planning than 

IMRT. Therefore, the VMAT LCL is higher than IMRT LCL. The process capability 

index, Cpml, value of VMAT plan is also higher than IMRT QA. It means that the 

passing rate of VMAT QA is closer to 100% and lesser variation of result than IMRT 

QA. Because the Cpml is 1.60 for IMRT QA and 1.99 for VMAT QA, this implies the 

processes of both IMRT and VMAT QA are quite satisfied.  

The average of % gamma pass of IMRT QA is significantly lower than VMAT 

QA (93.7% ± 3.7% for IMRT excluding systematic error result and 96.6% ± 2.2% for 

VMAT). Our gamma passing of IMRT QA from MapCHECK is not too difference 

with Lucas’s study [44] who showed the passing rate of 92.7% ± 4.7% for head and 

neck QA plan. Also, our VMAT QA result is comparable with Scorsetti’s [45] who 
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presented the average gamma agreement index of head and neck VMAT QA of 96.7% 

± 2.1%. One more reason that the passing rate of VMAT QA is higher than IMRT QA 

in our result is our VMAT plans were calculated in newer version of more accuracy in 

dose calculation. We find many systematic errors from IMRT QA because of human 

error but there is a few systematic errors occurred in VMAT nasopharyngeal 

carcinoma plan. This is due to the ease of using the ArcCHECK, no need of additional 

buildup, simple setting up, and no plane selection in planning, the chance of systematic 

error is reduced. We find one systematic error in VMAT QA (point number 118), 

which is cause by the calculation without acrylic insertion but measuring with 

insertion. Another one is not actual systematic error (point 24) but it is  the effect of 

low resolution of detector of ArcCHECK. This plan is the boost to only gross tumor, 

so the field size is very small. The areas that not pass the gamma criteria are only at the 

edge of field.  

The tolerance level of the patient-specific QA for the acceptance process was 

proposed by many groups, such as Venselaar et al.[46], Palta et al.[40], Stock et 

al.[47], De Martin et al.[48], Basran and Woo [49], Both et al.[50], etc, however, those 

limits are mainly focused to only IMRT QA. For example, Basran & Woo [49], and 

Both et al.[50] recommended the local control limits for IMRT head and neck cases 

using MapCHECK are 88% and 90% gamma pass, respectively. There are no standard 

criteria to set the threshold limit of VMAT treatment technique. In this work, the 

calculated limit can be set at 85.0% gamma passing for nasopharyngeal carcinoma 

IMRT QA and about 90.0% for VMAT QA when the X control chart is used. These 

LCLs are the cut-off limit for separating the systematic error from random variation of 
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our institute.  
 

6.2. Linear accelerator output constancy checks using process control techniques 

The output data should be compared to clinically appropriate action limits to 

decide whether a specific data point is acceptable for clinical use at that instant time 

[4]. For process monitoring and improvement, the output data need to be compared to 

the control limits. Our data indicates that the control limits are typically smaller than 

the action limits for routine output verification. The goal, then, is to calculate the 

control limits as soon as reliable limits are achievable. The results in Figure 5.3 and 

Table 5.2 demonstrate that using only four points (1 month) to calculate the control 

limits results in variable limits are not enough. When the number of data points to 

calculate the limits is increased, the results become more consistent. This is 

demonstrated in the normalized signal to noise ratio of Figure 5.5. This figure also 

shows that a more stable process (e.g., data of 2010) leads to better normalized signal 

to noise ratio (lower values in 2010 compared to 2009). Based on these results, we 

recommend that between 2-3 months of data (8-12 data points) should be used to 

calculate the control limits. This is also consistent with the findings of Pawlicki et al. 

for data from IMRT QA point dose measurements compared to planning systems or 

independent computer verifications [30]. It should be reiterated that each data point is 

also compared to the clinical action limits for acceptability. There is no risk to the 

patient in using 1 month (4 data points), for example, to calculate the control limits. 

However, unstable control limits means that one may miss some process changes if the 

limits are too wide or experience some false positives if the limits are too narrow. One 



81 
 

 

can mitigate anomalous interpretation of process behavior by calculating the control 

limits after 8-12 data points have been acquired.   

If out-of-control points occurs over the time used to calculate the control limits 

and the reason for those out-of-control points is known (and can be addressed), then 

those out-of-control points can be removed from the control limit calculations. 

However, based on our results, changing in the control chart limit width is small when 

removing these points. Therefore, one can omit this procedure when calculating 

control limits without affecting the usefulness of the charts. It is not necessary to be 

overly concerned with being overly precise in determination of the control limits. It is 

more important to use the correct procedure to calculate the limits and that control 

limits should be calculated for each energy and each machine. Analysis of output 

constancy using this approach will tell more about the process than using a one-size-

fits-all action limit approach to output constancy verification.   

Control limits are point binomial estimates and there is an uncertainty 

associated with the calculation (similar to the process capability and acceptability 

indices). Determining confidence limits on each control limit is again overly 

complicating the procedure and will likely make interpretation of the results more 

complicated. For process capability and acceptability, it makes sense to calculate 

confidence limits because those ratios are used to make a definitive statement of 

process performance at a specific instance in time.   

Gerard et al. presented the use of EWMA charts for IMRT QA [31]. It was 

concluded that EWMA charts were an efficient tool to detect the small and slow drifts 

occurred from MLC error in their IMRT dose delivery process. However, effects of the 
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smoothing parameter (λ) and the control limit width (L) were not presented. Our 

investigation of different values of λ and L indicate that when the parameters of λ and 

L increase, the limit width is also larger. Figure 5.6 and Table 5.3 demonstrate that 

using 4 data points (1 month) results in initial parameters 0, , and control limits 

efficiently detected the slow process changes. We surmise that the slow process change 

is due to linac output drifts of the linac monitor ion chamber as described by Grattan 

and Hounsell [51]. As to the choice of λ and L, we recommend that λ = 0.1 and L = 

2.703 be used. This choice is based on the fact that the EWMA control limits are 

narrower than the ±3.0% action limits. If the data has a very large drift variability with 

EWMA control limits greater than ±3.0%, it might be advisable to use λ = 0.05 and L = 

2.492 to quickly identify and correct the reason for the drifting process. Almost all of 

the out-of-control points on the X-chart are due to RBA-3 setup errors from junior 

physicist or physics student. This indicates that efforts toward more training and/or 

standardization are warranted. The slow linac drift errors are detected on the EWMA 

charts and eventually on the X-chart as well.   

Although the process for all energies gradually change after point 74, the 

process is still within the clinical action limits. Because the EWMA chart is not as 

effective in detecting sudden large shifts in the process and the X-chart is relatively 

slow in responding to gradual shift process shifts, using these two charts together 

might be the best approach for on-line process monitoring as indicated by Woodall and 

Mahmoud [52]. However, there is some indication that EWMA charts can be used 

without X-charts to detect both large process changes and slow drifts so long as the 
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EWMA charts are based on the squared deviations from the target [53]. This could be a 

direction for future investigations.   

Gerard et al.[31] simultaneously evaluated long-term capability indices (Pp, Ppk, 

and Ppm) to the process of IMRT QA. Long-term means these indices are applied over 

long runs of a process when a process may or may not be in-control so one needs to be 

careful when interpreting long-term capability indices. Breen et al. [29] and Nordström 

et al. [33] applied Cp and Cpk to the processes of IMRT QA and independent computer 

calculation checks, respectively. Both authors make a distinction when calculating Cpk 

for non-normal data by using the non-parametric form of those equations. In this work, 

we use the parametric versions of the indices but transformed the non-normal 

distributions. The previous works did not report confidence intervals, which we feel 

the important to understand the reliability of the process ability and capability. If we 

consider the 95% confidence interval, then only the 6 MV process is both capable and 

acceptable in 2009 whereas only the 20 MeV process is neither capable or acceptable 

in 2010. When using only a few data points (e.g., ≤ 25), the point estimates Cp and Cpk 

are associated with a large variability (Figure 5.7 and Table 5.2). Given these issues, 

we recommend for waiting to calculate the Cp and Cpk until there are at least 25 or 

more in-control data points. Even though we use the simple standard deviation to 

calulate Cp and Cpk, the data are in-control and normal, the same results are obtained 

when the estimate 
2MR d is used to calculate Cp and Cpk. Ultimately, other process 

indices such as Cpc [54] or Cpm [13] that are insensitive to the form of the distribution 

and simultaneously evalute the process variability and centering may be better. In any 

case, process indices should be used for high-level communication or documentation 
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about process performance, for example, to department adminstrators, accreditation 

bodies, or inter-institutional process comparisons.   

In this work, linac output constancy is verified on a weekly basis. The 

frequency of any QA activity depends on factors such as; magnitude of error that could 

result without checking, time and cost of the QA procedures, and the opporutnity costs 

of not being able to do other work. Due to the possible errors of the linac output 

deviates significantly from the baseline, output verification should be performed daily. 

The results of this work are also applicable to daily output checks. In the case of daily 

output checks, one can use the first 2-3 weeks of data to construct the X-chart and the 

first week of data to build the EWMA chart. 

Lastly, one should take care not to adjust the process within the noise of the 

system. If the control charts still show constant output within the control limits (and 

within clinical action limits), then the full calibration in water phantom would still be 

performed but output adjustment might not be necessary. Optimal strategies for 

process adjustments should be considered but this is out of the scope of this work and 

should be an area for future research.   
 

6.3. On setting tolerance limits for process monitoring in radiotherapy 

Every process has variation. One variation can be accepted as a random error, 

while another variation is systematic error that has significant deviation data from real 

value. The variation in the process need to control within the limitation, while 

systematic deviation that out-of limitation should be removed. The limitation aspects 

can be typically separated into tolerance limits and action limits. However, there is no 

universal definition of either tolerance or action limits. The appropriate setting of these 
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limits depends on local environment including the equipment used in QA or type of 

cases treated. Therefore, QA staff in each institute should set for their own limitation. 

In this study, the tolerance limits are defined as the minimum and/or maximum 

appropriate values of a QA data. If they are exceeded these tolerance limits, we should 

keep an eye on the QA process for potential problems and correct it in suitable time. 

The action limits are more restrict than tolerance limits. It can be said that the action 

limits are the cut-off or acceptable criteria. If the QA data are exceeded action limits, 

physicist mandatory to take action as soon as possible to find the cause of error and get 

rid of those error value and then bring the process back into random variation. 

Therefore, each institute should define their own tolerance limit, while the expert 

group should define international action limit. 

PCIs are typically used to calculate the ability of QA process but this study 

look back. We define the Taguchi’s PCI (Cpm) value at 1.33 for the good quality first, 

and then calculate the limits that can get the good process quality. The limitation from 

Cpm method is better tool than traditional method because the Cpm method takes the 

process target into consideration. If the average result of process has shifted from real 

target value, the calculated tolerance limit is possible to lower than action limit as 

shown in our clinical case of gamma evaluation of VMAT QA. This is because action 

limit from traditional method does not consider the target value.  

A. In clinical cases, we calculate tolerance limits for the process of patient-

specific ion chamber prostate IMRT QA for a normal distribution. This example 

process gives very good results because the average data of percent point dose 

difference is 0.18 that close to target value of zero and the standard deviation is not too 
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high. The calculated tolerance limit from Cpm method is lower than action limit from 

ESTRO definition. Therefore, if the QA result is between ±3.61% to ±5.0%, we should 

beware to the QA process but if the QA result gives more than ±5.0%, that plan should 

not be used to real clinical treatment. 

B. The second clinical case that we give an example is calculation of LTL for 

the process of patient-specific nasopharyngeal VMAT QA using ArcCHECK for a 

left-skewed distribution. The result shows average gamma passing rate and SD of 

96.6% and 2.2%, respectively. Our study is comparable with the result of Scorsetti et 

al. [45] that presented the average gamma agreement index of head and neck VMAT 

QA of 96.7% ± 2.1%.  When we apply the gamma evaluation of IMRT to VMAT QA 

by using AAPM TG 119 and QUASIMODO protocol, we find that our LTL is lower 

than those LAT. This is implied that we need the improvement of the process to shift 

the process mean closer to target by using flow chart of Figure 6.1.  

C. The last clinical example for right-skewed distribution is homogeneity index 

of PTV. Until now, there are no exact limitation criteria of HI from this formula. It just 

says that the smaller value corresponded to more homogeneous irradiation of the target 

volume. We find only the HI limitation of stereotactic that cannot apply to our case. 

When we follow the method from flow chart of Figure 6.1, we can set our local HI at 

0.19 for head and neck VMAT plan.  
 



87 
 

 

≤

≤

 
Figure 6.1. The flow chart for using tolerance limit from process capability index 

method. 
  

One more thing should be take care that is the good process capability should 

be relied on the random data only. The user should use control chart to monitor and 

control the variation of the QA process and get-rid-of the out-of-control points due to 

systematic error before calculate the process capability or find the limitation of QA 

process. Moreover, the Cpm should be calculated for at least 20 in-control data points as 

shown in Figure 6.1.    

The control chart can be applied to almost all cases in radiotherapy QA, 

however, it might not be suitable for the annually QA due to the limited of data 

number. The process capability index is another SPC tool used to evaluate the 

efficiency of the whole QA process, which is possible to apply for all process in 

radiotherapy QA. After we get the data and select the suitable control chart, we should 
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calculate the control limits with proper number. The question is how many data point 

represents the proper number. The text book [11] recommends using 20-25 data points 

to calculate control limits. In my opinion, it should depend on the frequency of data 

collection and the variation of data. For example, we cannot wait for 20-25 data points 

(about 2 years) for monthly QA without any control limits. We should trade-off 

between accuracy and time without control limit. The signal to noise (as in Figure 5.5) 

ought to apply to find the appropriate number of data point for calculating the control 

limits. If the continuing data fall within control limits for quite stable variation, the 

lesser frequent of data collection is recommended. The next question is when we 

should recalculate the control limits. We should recalculate the control limits when we 

have any changes in the QA process, such as device, method, or even version. 

Moreover, we could calculate the new control limit in case we need to improve the QA 

process.  
 



CHAPTER VII 

CONCLUSIONS 

 

7.1 Conclusions 

The concept of industrial engineering QA using statistical process control; SPC 

(control chart, EWMA charts, and process capability indices) provide a new perspective 

view on the process of radiotherapy QA as a modern QA tool. The research is one of 

the first groups who applied SPC method to radiotherapy QA, especially for the 

advanced radiotherapy techniques in order to minimize error and maximize quality in 

radiotherapy QA process for patient safety. The SPC tools are utilized in order to 

evaluate the output constancy check, PTV homogeneity index and patient-specific 

IMRT/VMAT QA. The concluded of the research works with different SPC tools in 

each experiment is shown in Table 7.1. 

Table 7.1 The summary of this research works with selected SPC tools. 

SPC analysis for patient-

specific IMRT and 

VMAT QA 

Linear accelerator 

output constancy 

checks using process 

control techniques 

On setting tolerance limits for process monitoring 

Normal 

Distribution 

Left-Skewed 

Distribution 

Right-Skewed 

Distribution 

- 278 Naso. IMRT QA  
- 159 Naso. VMAT QA  

2 years output 
constancy check 

% point dose diff 
of 631 prostate 

IMRT QA plans 

% gamma pass of 
157 Naso. VMAT 

QA plans 

PTV HI of 150 
H&N VMAT 

plans 

X-chart and Cpml 
X-chart, EWMA 
chart, and  Cp, Cpk 

Cpm Cpml Cpmu 

Aim: LCL 
Aim: LCL, UCL and 
number to cal. limits   

Aim: ±TL   Aim: LTL   Aim: UTL   
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The first research is “SPC analysis for patient-specific IMRT and VMAT QA” 

This research establish the appropriate X lower control limit of percent gamma pass 

from patient-specific IMRT QA verify with MapCHECK 2D arrays and patient-

specific VMAT QA verify with ArcCHECK 3D diode arrays for nasopharyngeal 

carcinoma plan. Moreover, this research also evaluated the process of IMRT and 

VMAT QA performance using process capability index.  

The second part is “Linear accelerator output constancy checks using process 

control techniques”. This part applied Shewhart-type control charts, EWMA charts, and 

capability indices for linac constancy check for both photon and electron energies.  

This study also determined an optimal implementation of the process control tools as 

part of a comprehensive QA strategy for linac output constancy verification and 

monitoring.   

The last one is “On setting tolerance limits for process monitoring in 

radiotherapy”. This research part proposed a systematic approach to set the local 

tolerance limits based on the process capability index method in different data types 

relied on clinical situation in radiotherapy QA. It composed of the point dose 

difference in prostate IMRT QA as normal distribution data type, gamma pass of 

nasopharynx VMAT QA as a left-skewed distribution data, and PTV homogeneity 

index of head and neck VMAT plans as a right-skewed distribution data. 

The results from our experiments can be concluded that: 

1) The lower control limits of percent gamma pass of nasopharyngeal 

carcinoma plan for IMRT and VMAT in our institute are 85% and 90%, respectively,  
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2) Both IMRT and VMAT QA process are capable, which is better in VMAT 

QA (process capability of 1.99) than in IMRT QA (process capability of 1.66). Most of 

the out-of-limit points from IMRT QA are due to human error, this indicates the efforts 

toward more training of person and standardization of the techniques,  

3) The first 8-12 data points (2-3 months for weekly output constancy check 

and 2-3 weeks for daily verifications) should be employed to calculate X-chart control 

limits, the first 4-6 data points (1 month for weekly verifications and 1 week for daily 

verifications) should be used to calculate EWMA control limits using λ = 0.1 and L = 

2.703,  

4) The tolerance limit, process capability (Cp) and process acceptability (Cpk) 

should be carefully calculated using at 95% confidence interval with the noise data 

only with at least 20 in-control data points and then monitor the processes against the 

tolerance and action limits and carefully interrogate any case that is outside the 

tolerance and action limits prior to treatment, otherwise a “not able to be reported” 

should be documented, 

5) The setting up of our local tolerance limits of percent point dose difference 

of prostate IMRT QA is ±3.6%,  

6) The appropriated lower tolerance limits of percent gamma pass of head and 

neck VMAT QA is 88.82%, however, this process should be improved to get higher 

value than universal action limit,  

7) The upper tolerance limit of HI of VMAT PTV for head and neck cases is 

0.19. 
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This study opens the new perspective about the better QA concept by using the 

highest level QA tools to other institutions. The results are healthcare benefit to the 

patients in other cancer centers. These results are just the guideline; they should 

calculate by themselves because the differences in machine, immobilization, software 

version, environment, etc have different limits.  

 

7.2 Recommendation for future work 

The SPC concept can be used to improve the QA process in many fields. In 

radiotherapy QA, the SPC is possible to apply in various types of QA method. The 

Table 7.2 shows some examples in radiotherapy QA with suitable chart type selection.  
 

Table 7.2 The example of radiotherapy QA with appropriate control chart type. 
QA type Control chart Condition 

ODI reading X/MR daily QA 

Linac water temperature X/MR morning check 

Output constancy X/MR measured with central detector 

Output constancy X /R or X /S measured several times with IC 

Flatness/Symmetry X /R average for 4 points from daily QA 

Steering coil current X/MR  

% Point dose difference X/MR  

Gamma evaluation for IMRT/VMAT QA X/MR  

Patient setup error (with mask) EWMA deviation < 1.5σ 

Short term repeatability measurement EWMA deviation < 1.5σ 

Conformation number for planning X/MR  

Source position check in brachytherapy X/MR  

Time between simulation-to-treatment X/MR  
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For the next step of SPC concept, when the systematic errors are separated 

from random errors using control charts and process capability index, all of the 

possible errors will be mapped to cause-and-effect diagram by using 4M+1E concept 

(Man, Machine, Material, Method, and Environment). Finally, brainstorming the 

physicist group is necessary to assign the severity, frequency of occurrence, capability 

of detection of the failure mode and then calculate the RPN. Lastly, the whole process 

by responsibility of medical physicist with combination of highly quality QA tools in 

this concept will reduce the possible risk of error and increase the capability of patient 

safety in radiotherapy QA.  
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APPENDIX I 

 

The data of % gamma pass in IMRT QA for nasopharyngeal carcinoma. 
 

No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
1 97.1 

 
26 61.7 

 
51 88.8 

 
76 84.5 

2 99.7 
 

27 91.2 
 

52 91.4 
 

77 20.7 
3 93.6 

 
28 86.9 

 
53 84.6 

 
78 95.4 

4 94.5 
 

29 98.4 
 

54 98.9 
 

79 97.3 
5 97.6 

 
30 91.7 

 
55 93.8 

 
80 93.3 

6 99.7 
 

31 91.7 
 

56 87.8 
 

81 97.2 
7 100 

 
32 70.8 

 
57 91.4 

 
82 95.3 

8 98.1 
 

33 69.6 
 

58 91.1 
 

83 96.5 
9 93.2 

 
34 67 

 
59 92.7 

 
84 87.6 

10 100 
 

35 98.5 
 

60 92.7 
 

85 95.2 
11 88.1 

 
36 92.2 

 
61 86.3 

 
86 87.8 

12 94.4 
 

37 94.8 
 

62 94.1 
 

87 96.4 
13 96.8 

 
38 94 

 
63 89 

 
88 91.3 

14 98.6 
 

39 92.8 
 

64 90.7 
 

89 96.9 
15 95.8 

 
40 98.9 

 
65 77.4 

 
90 95 

16 96.3 
 

41 89 
 

66 96.3 
 

91 97.2 
17 93.6 

 
42 97.3 

 
67 98.1 

 
92 95.7 

18 93.1 
 

43 95 
 

68 97.6 
 

93 94.8 
19 90.9 

 
44 95.7 

 
69 95.6 

 
94 97.1 

20 98.3 
 

45 96 
 

70 93 
 

95 94.4 
21 94.2 

 
46 97.1 

 
71 98.2 

 
96 88.3 

22 96.8 
 

47 99.1 
 

72 92.2 
 

97 93.5 
23 92.5 

 
48 94.6 

 
73 99.4 

 
98 100 

24 99.3 
 

49 91.8 
 

74 97.5 
 

99 96.8 
25 93.7 

 
50 91 

 
75 97.1 

 
100 98.2 
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The data of % gamma pass in IMRT QA for nasopharyngeal carcinoma (Cont.). 
 

No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 

101 99.5 
 

126 95.6 
 

151 97.5 
 

176 85.7 
102 94.2 

 
127 93.5 

 
152 97.4 

 
177 92.5 

103 95.2 
 

128 94.9 
 

153 93.2 
 

178 83 
104 89.1 

 
129 92.4 

 
154 94.5 

 
179 93.2 

105 95.9 
 

130 96.8 
 

155 89.2 
 

180 93.4 
106 94.1 

 
131 96.9 

 
156 92.6 

 
181 91.5 

107 99.9 
 

132 95.2 
 

157 97 
 

182 93.2 
108 89.5 

 
133 97.6 

 
158 52.7 

 
183 95.4 

109 95.7 
 

134 88.8 
 

159 34.3 
 

184 93.4 
110 96.2 

 
135 89.1 

 
160 93.8 

 
185 93.5 

111 100 
 

136 94.2 
 

161 97.4 
 

186 92 
112 98.3 

 
137 92.6 

 
162 91.7 

 
187 88.9 

113 69.6 
 

138 99.8 
 

163 93.1 
 

188 90.7 
114 80.1 

 
139 89.5 

 
164 92.6 

 
189 91.9 

115 89.5 
 

140 95.7 
 

165 98.2 
 

190 82.3 
116 92.8 

 
141 95.1 

 
166 92.1 

 
191 92.3 

117 92.8 
 

142 99.6 
 

167 92.9 
 

192 93.6 
118 93.5 

 
143 92.3 

 
168 86.8 

 
193 93.8 

119 93.2 
 

144 96.8 
 

169 93 
 

194 92.5 
120 95.9 

 
145 93.4 

 
170 94.2 

 
195 93.8 

121 93.4 
 

146 95.6 
 

171 95.4 
 

196 99.7 
122 93.2 

 
147 90.8 

 
172 96.2 

 
197 90.8 

123 97.6 
 

148 90.8 
 

173 89.5 
 

198 99.1 
124 97.3 

 
149 99.1 

 
174 94.4 

 
199 92.6 

125 93 
 

150 82.1 
 

175 97.4 
 

200 95.3 
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The data of % gamma pass in IMRT QA for nasopharyngeal carcinoma (Cont.). 
 

No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 

201 91.8 
 

226 87.4 
 

251 89.8 
 

276 95.8 
202 94.9 

 
227 78 

 
252 92.6 

 
277 95 

203 86.8 
 

228 86 
 

253 96.4 
 

278 96.1 
204 94.8 

 
229 85.3 

 
254 85.6 

 
205 91.8 

 
230 96 

 
255 95.2 

 
206 92.6 

 
231 93.1 

 
256 91.6 

 
207 94.3 

 
232 90.2 

 
257 95.8 

 
208 96.9 

 
233 91.7 

 
258 91.2 

 
209 99 

 
234 89.3 

 
259 93.5 

 
210 95.6 

 
235 93 

 
260 90.7 

 
211 88.4 

 
236 88.2 

 
261 89.6 

 
212 95.6 

 
237 96.3 

 
262 88.8 

 
213 94.6 

 
238 96.6 

 
263 87.1 

 
214 97.9 

 
239 99.8 

 
264 92.5 

 
215 89.7 

 
240 84.6 

 
265 98.6 

 
216 94.7 

 
241 90.7 

 
266 95.8 

 
217 93.2 

 
242 89.6 

 
267 91.9 

 
218 96 

 
243 86.3 

 
268 95 

 
219 91.3 

 
244 92.5 

 
269 92.1 

 
220 95.7 

 
245 88.8 

 
270 85.2 

 
221 96.9 

 
246 87.1 

 
271 91.8 

 
222 92.3 

 
247 92.5 

 
272 93.3 

 
223 95.4 

 
248 98.6 

 
273 96.9 

 
224 95.8 

 
249 95.7 

 
274 96 

 
225 85.9 

 
250 93 

 
275 91.6 
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APPENDIX II 

 

The data of % gamma pass in VMAT QA for nasopharyngeal carcinoma. 
 

No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
 

 (3%, 3mm) 
1 99.6 

 
26 96.0 

 
51 97.9 

 
76 97.8 

2 93.6 
 

27 92.8 
 

52 98.7 
 

77 94.9 
3 97.7 

 
28 94.3 

 
53 98.9 

 
78 99.2 

4 99.1 
 

29 96.2 
 

54 96.2 
 

79 98.8 
5 97.1 

 
30 99.4 

 
55 97.0 

 
80 98.3 

6 96.1 
 

31 97.2 
 

56 98.6 
 

81 92.5 
7 98.4 

 
32 98.6 

 
57 94.7 

 
82 95.6 

8 95.3 
 

33 100.0 
 

58 99.6 
 

83 98.9 
9 96.3 

 
34 91.1 

 
59 95.9 

 
84 95.4 

10 98.1 
 

35 97.1 
 

60 96.5 
 

85 93.9 
11 98.6 

 
36 99.1 

 
61 97.5 

 
86 97.2 

12 98.9 
 

37 97.4 
 

62 96.6 
 

87 96.3 
13 94.7 

 
38 93.5 

 
63 98.6 

 
88 97.2 

14 95.6 
 

39 91.6 
 

64 96.2 
 

89 98.1 
15 95.4 

 
40 96.8 

 
65 99.1 

 
90 98.1 

16 97.3 
 

41 96.6 
 

66 97.5 
 

91 94.0 
17 95.6 

 
42 99.9 

 
67 97.1 

 
92 97.3 

18 95.0 
 

43 96.1 
 

68 96.0 
 

93 96.7 
19 96.3 

 
44 97.4 

 
69 95.4 

 
94 95.5 

20 94.4 
 

45 99.5 
 

70 97.1 
 

95 96.0 
21 98.1 

 
46 97.7 

 
71 96.8 

 
96 98.6 

22 99.3 
 

47 97.1 
 

72 92.0 
 

97 98.5 
23 93.7 

 
48 98.4 

 
73 90.3 

 
98 98.6 

24 86.3 
 

49 95.9 
 

74 97.0 
 

99 96.3 
25 94.0 

 
50 99.5 

 
75 99.9 

 
100 98.0 
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The data of % gamma pass in VMAT QA for nasopharyngeal carcinoma (Cont.). 
 

No 
Gamma 

 No 
Gamma 

 No 
Gamma 

 
 (3%, 3mm) 

 
 (3%, 3mm) 

 
 (3%, 3mm) 

 
101 99.6 

 
126 97.0 

 
151 94.4 

 
102 97.5 

 
127 90.5 

 
152 95.5 

 
103 98.8 

 
128 95.9 

 
153 99.2 

 
104 98.3 

 
129 92.9 

 
154 99.8 

 
105 99.1 

 
130 94.6 

 
155 97.2 

 
106 99.1 

 
131 94.4 

 
156 95.2 

 
107 94.7 

 
132 96.4 

 
157 95.9 

 
108 94.9 

 
133 97.3 

 
158 100 

 
109 90.4 

 
134 97.5 

 
159 100 

 
110 94.9 

 
135 93.9 

  
111 97.0 

 
136 96.6 

  
112 97.4 

 
137 93.1 

  
113 97.8 

 
138 98.3 

  
114 95.3 

 
139 93.9 

  
115 91.7 

 
140 95.8 

  
116 96.0 

 
141 93.8 

  
117 93.9 

 
142 99.3 

  
118 71.3 

 
143 95.7 

  
119 95.0 

 
144 99.2 

  
120 96.2 

 
145 98.1 

  
121 92.7 

 
146 99.0 

  
122 97.5 

 
147 97.5 

  
123 99.1 

 
148 95.1 

  
124 99.6 

 
149 97.1 

  
125 97.2 

 
150 96.5 
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APPENDIX III 
 

The output constancy data measured by central detector from RBA-3. 
 

 
Date 6MV 10MV 6MeV 9MeV 12MeV 16MeV 20MeV 

1 10/12/2008 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
2 17/12/2008 1.000 1.000 1.000 1.000 1.004 0.998 1.000 
3 24/12/2008 0.996 0.995 0.996 0.994 0.991 0.989 0.991 
4 6/1/2009 0.996 0.998 0.993 0.990 0.987 0.988 0.991 
5 21/1/2009 1.000 0.998 0.996 1.000 1.011 0.998 1.002 
6 27/1/2009 0.993 0.987 0.986 0.990 1.002 0.993 0.988 
7 6/2/2009 1.002 0.998 0.998 1.000 1.009 1.005 0.998 
8 17/2/2009 1.000 0.998 0.993 0.996 1.004 1.000 1.000 
9 27/2/2009 0.989 0.987 0.984 0.987 0.989 0.991 0.986 
10 4/3/2009 0.989 0.987 0.984 0.987 0.985 0.991 0.984 
11 12/3/2009 0.991 0.989 0.991 0.987 0.985 0.989 0.990 
12 18/3/2009 0.991 0.989 0.987 0.985 0.983 0.988 0.984 
13 25/3/2009 0.985 0.984 0.982 0.981 0.977 0.982 0.981 
14 1/4/2009 0.994 0.991 0.989 0.990 0.974 0.982 0.990 
15 17/4/2009 0.985 0.980 0.978 0.977 0.955 0.979 0.972 
16 22/4/2009 0.996 0.989 0.991 0.992 1.002 0.993 0.997 
17 29/4/2009 0.998 0.996 0.993 0.998 1.008 1.000 0.997 
18 6/5/2009 0.994 0.991 0.989 0.996 1.004 0.996 0.998 
19 15/5/2009 1.000 0.996 0.993 0.996 1.009 0.998 0.997 
20 20/5/2009 1.002 0.998 0.996 1.000 1.009 1.002 1.000 
21 27/5/2009 0.994 0.993 0.989 0.989 0.998 0.995 0.991 
22 2/6/2009 0.998 0.993 0.991 0.992 1.004 0.995 0.997 
23 11/6/2009 0.996 0.993 0.991 0.992 1.000 0.996 1.000 
24 18/6/2009 0.993 0.987 0.989 0.990 1.000 0.991 0.990 
25 23/6/2009 0.989 0.987 0.987 0.989 0.998 0.991 0.990 
26 2/7/2009 0.993 0.991 0.989 0.990 1.000 0.993 0.993 
27 9/7/2009 0.989 0.987 0.984 0.987 0.996 0.988 0.988 
28 15/7/2009 0.989 0.991 0.986 0.987 0.994 1.005 0.991 
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The output constancy data measured by central detector from RBA-3. (cont.). 
 

 
Date 6MV 10MV 6MeV 9MeV 12MeV 16MeV 20MeV 

29 22/7/2009 0.991 0.987 0.982 0.987 0.991 0.989 0.991 
30 30/7/2009 0.993 0.989 0.986 0.989 0.996 0.995 0.993 
31 6/8/2009 0.978 0.978 0.968 0.971 0.981 0.973 0.976 
32 10/8/2009 0.989 0.989 0.984 0.985 0.998 0.995 0.991 
33 12/8/2009 0.996 0.993 0.987 0.990 1.002 0.995 0.993 
34 19/8/2009 0.991 0.987 0.984 0.989 0.998 0.991 0.990 
35 25/8/2009 0.998 0.996 0.991 0.994 1.004 0.993 0.993 
36 8/9/2009 0.998 0.998 0.995 0.998 1.008 1.002 1.002 
37 22/9/2009 0.994 0.995 0.986 0.989 0.996 0.991 0.993 
38 30/9/2009 0.994 0.989 0.987 0.987 0.996 0.988 0.988 
39 9/10/2009 0.994 0.993 0.989 0.989 0.998 0.988 0.990 
40 16/10/2009 0.994 0.996 0.987 0.989 1.000 0.996 0.997 
41 29/10/2009 1.007 1.007 0.996 1.002 1.011 1.011 1.009 
42 3/11/2009 1.006 1.005 1.000 1.002 1.013 1.007 1.009 
43 11/11/2009 0.985 0.985 0.975 0.977 0.987 0.984 0.984 
44 13/11/2009 0.987 0.985 0.977 0.979 0.989 0.982 0.984 
45 15/11/2009 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
46 20/11/2009 1.009 1.009 1.007 1.012 1.011 1.006 1.007 
47 24/11/2009 1.008 1.007 1.005 1.010 1.010 1.004 1.005 
48 30/11/2009 1.008 1.007 1.005 1.010 1.008 1.002 1.004 
49 12/12/2009 1.008 1.006 1.007 1.012 1.010 1.004 1.009 
50 15/12/2009 1.008 1.007 1.005 1.010 1.008 1.004 1.007 
51 25/12/2009 1.006 1.004 1.005 1.006 1.004 1.004 1.007 
52 6/1/2010 1.004 1.004 1.000 1.006 1.002 1.002 1.004 
53 14/1/2010 1.011 1.011 1.005 1.013 1.008 1.007 1.009 
54 21/1/2010 1.004 1.004 1.000 1.008 1.004 1.004 0.993 
55 1/2/2010 1.004 1.002 1.000 1.006 1.004 1.000 0.991 
56 10/2/2010 1.004 1.004 0.996 1.008 1.004 1.006 0.995 
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The output constancy data measured by central detector from RBA-3. (cont.). 
 

 
Date 6MV 10MV 6MeV 9MeV 12MeV 16MeV 20MeV 

57 17/2/2010 1.002 1.000 0.996 1.004 1.000 1.004 0.991 
58 25/2/2010 1.002 1.002 1.000 1.008 1.002 1.002 0.991 
59 5/3/2010 1.000 1.000 1.000 1.008 1.002 1.006 0.993 
60 10/3/2010 1.008 1.009 1.007 1.013 1.008 1.008 0.995 
61 16/3/2010 1.008 1.007 1.000 1.008 1.008 1.007 0.995 
62 26/3/2010 1.004 1.006 1.002 1.006 1.004 1.000 0.993 
63 3/4/2010 1.002 0.998 0.998 1.006 1.002 0.998 0.987 
64 9/4/2010 1.006 1.004 0.998 1.006 1.004 0.998 0.987 
65 22/4/2010 1.002 1.000 0.993 1.002 0.996 0.998 0.986 
66 29/4/2010 1.008 1.004 1.000 1.008 1.000 1.002 0.991 
67 6/5/2010 1.004 1.002 0.995 1.002 0.996 0.996 0.986 
68 12/5/2010 0.996 0.993 0.993 1.002 0.994 0.996 0.984 
69 27/5/2010 1.004 1.002 0.993 1.000 0.998 0.996 0.987 
70 3/6/2010 1.008 1.004 0.996 1.006 1.002 1.000 0.991 
71 11/6/2010 1.008 1.006 1.002 1.012 1.004 1.000 0.993 
72 17/6/2010 1.011 1.009 1.002 1.010 1.010 1.004 0.995 
73 25/6/2010 1.009 1.007 1.002 1.010 1.002 1.002 0.993 
74 30/6/2010 1.019 1.017 1.015 1.021 1.013 1.009 1.004 
75 7/7/2010 1.017 1.013 1.009 1.017 1.011 1.009 0.995 
76 16/7/2010 1.017 1.013 1.009 1.015 1.010 1.006 0.995 
77 22/7/2010 1.021 1.017 1.011 1.021 1.011 1.013 0.998 
78 30/7/2010 1.025 1.018 1.016 1.023 1.013 1.013 1.007 
79 6/8/2010 1.023 1.015 1.013 1.019 1.015 1.013 1.007 
80 9/8/2010 1.021 1.015 1.013 1.017 1.013 1.011 1.004 
81 17/8/2010 1.021 1.018 1.011 1.021 1.017 1.013 1.005 
82 26/8/2010 1.019 1.013 1.011 1.017 1.010 1.006 0.998 
83 30/8/2010 1.019 1.015 1.013 1.019 1.015 1.015 1.004 
57 17/2/2010 1.002 1.000 0.996 1.004 1.000 1.004 0.991 
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APPENDIX IV 

The raw data and calculated EWMA, UCL, and LCL of output constancy 

measurement with 1 month of data to calculate average and SD for 0.1 λ and 2.703 L 

for 6 MV and 12 MeV (in example). 

  
6MV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

 

12 MeV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

1 1.000 0.998 0.9976 0.9987 
 

1.000 0.996 0.9932 0.9974 

2 1.000 0.998 0.9974 0.9989 
 

1.004 0.997 0.9924 0.9982 

3 0.996 0.9983 0.9972 0.9991 
 

0.991 0.9960 0.9919 0.9987 

4 0.996 0.9981 0.9971 0.9991 
 

0.987 0.9951 0.9916 0.9990 

5 1.000 0.9983 0.9971 0.9992 
 

1.011 0.9967 0.9913 0.9993 

6 0.993 0.9977 0.9970 0.9993 
 

1.002 0.9972 0.9912 0.9995 

7 1.002 0.9981 0.9970 0.9993 
 

1.009 0.9984 0.9910 0.9996 

8 1.000 0.9983 0.9969 0.9993 
 

1.004 0.9990 0.9909 0.9997 

9 0.989 0.9974 0.9969 0.9994 
 

0.989 0.9979 0.9908 0.9998 

10 0.989 0.9965 0.9969 0.9994 
 

0.985 0.9966 0.9907 0.9999 

11 0.991 0.9959 0.9969 0.9994 
 

0.985 0.9955 0.9906 1.0000 

12 0.991 0.9954 0.9969 0.9994 
 

0.983 0.9942 0.9906 1.0000 

13 0.985 0.9944 0.9969 0.9994 
 

0.977 0.9926 0.9906 1.0000 

14 0.994 0.9944 0.9969 0.9994 
 

0.974 0.9907 0.9905 1.0001 

15 0.985 0.9935 0.9968 0.9994 
 

0.955 0.9871 0.9905 1.0001 

16 0.996 0.9938 0.9968 0.9995 
 

1.002 0.9886 0.9905 1.0001 

17 0.998 0.9942 0.9968 0.9995 
 

1.008 0.9905 0.9905 1.0001 

18 0.994 0.9942 0.9968 0.9995 
 

1.004 0.9918 0.9905 1.0001 

19 1.000 0.9948 0.9968 0.9995 
 

1.009 0.9936 0.9904 1.0002 

20 1.002 0.9955 0.9968 0.9995 
 

1.009 0.9951 0.9904 1.0002 

21 0.994 0.9954 0.9968 0.9995 
 

0.998 0.9954 0.9904 1.0002 

22 0.998 0.9957 0.9968 0.9995 
 

1.004 0.9963 0.9904 1.0002 

23 0.996 0.9957 0.9968 0.9995 
 

1.000 0.9966 0.9904 1.0002 
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The raw data and calculated EWMA, UCL, and LCL of output constancy 

measurement with 1 month of data to calculate average and SD for 0.1 λ and 2.703 L 

for 6 MV and 12 MeV (in example) (cont.). 

  
6MV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

 

12 MeV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

24 0.993 0.9954 0.9968 0.9995 
 

1.000 0.9970 0.9904 1.0002 

25 0.989 0.9948 0.9968 0.9995 
 

0.998 0.9971 0.9904 1.0002 

26 0.993 0.9945 0.9968 0.9995 
 

1.000 0.9974 0.9904 1.0002 

27 0.989 0.9940 0.9968 0.9995 
 

0.996 0.9973 0.9904 1.0002 

28 0.989 0.9935 0.9968 0.9995 
 

0.994 0.9970 0.9904 1.0002 

29 0.991 0.9932 0.9968 0.9995 
 

0.991 0.9963 0.9904 1.0002 

30 0.993 0.9931 0.9968 0.9995 
 

0.996 0.9963 0.9904 1.0002 

31 0.978 0.9916 0.9968 0.9995 
 

0.981 0.9948 0.9904 1.0002 

32 0.989 0.9913 0.9968 0.9995 
 

0.998 0.9951 0.9904 1.0002 

33 0.996 0.9918 0.9968 0.9995 
 

1.002 0.9958 0.9904 1.0002 

34 0.991 0.9917 0.9968 0.9995 
 

0.998 0.9961 0.9904 1.0002 

35 0.998 0.9923 0.9968 0.9995 
 

1.004 0.9968 0.9904 1.0002 

36 0.998 0.9929 0.9968 0.9995 
 

1.008 0.9979 0.9904 1.0002 

37 0.994 0.9931 0.9968 0.9995 
 

0.996 0.9977 0.9904 1.0002 

38 0.994 0.9932 0.9968 0.9995 
 

0.996 0.9976 0.9904 1.0002 

39 0.994 0.9933 0.9968 0.9995 
 

0.998 0.9976 0.9904 1.0002 

40 0.994 0.9934 0.9968 0.9995 
 

1.000 0.9979 0.9904 1.0002 

41 1.007 0.9948 0.9968 0.9995 
 

1.011 0.9992 0.9904 1.0002 

42 1.006 0.9959 0.9968 0.9995 
 

1.013 1.0006 0.9904 1.0002 

43 0.985 0.9948 0.9968 0.9995 
 

0.987 0.9992 0.9904 1.0002 

44 0.987 0.9941 0.9968 0.9995 
 

0.989 0.9982 0.9904 1.0002 

45 1.000 1.0055 1.0050 1.0073 
 

1.000 1.0064 1.0058 1.0085 

46 1.009 1.0059 1.0046 1.0077 
 

1.011 1.0069 1.0053 1.0090 

47 1.008 1.0061 1.0044 1.0079 
 

1.010 1.0072 1.0050 1.0093 

48 1.008 1.0062 1.0042 1.0081 
 

1.008 1.0072 1.0048 1.0095 
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The raw data and calculated EWMA, UCL, and LCL of output constancy 

measurement with 1 month of data to calculate average and SD for 0.1 λ and 2.703 L 

for 6 MV and 12 MeV (in example) (cont.). 

  
6MV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

 

12 MeV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

49 1.008 1.0064 1.0040 1.0082 
 

1.010 1.0075 1.0046 1.0097 

50 1.008 1.0065 1.0039 1.0083 
 

1.008 1.0075 1.0045 1.0098 

51 1.006 1.0064 1.0039 1.0084 
 

1.004 1.0071 1.0044 1.0099 

52 1.004 1.0061 1.0038 1.0085 
 

1.002 1.0066 1.0043 1.0100 

53 1.011 1.0067 1.0037 1.0085 
 

1.008 1.0067 1.0043 1.0100 

54 1.004 1.0064 1.0037 1.0086 
 

1.004 1.0064 1.0042 1.0101 

55 1.004 1.0061 1.0037 1.0086 
 

1.004 1.0062 1.0042 1.0101 

56 1.004 1.0059 1.0037 1.0086 
 

1.004 1.0059 1.0042 1.0101 

57 1.002 1.0055 1.0036 1.0087 
 

1.000 1.0053 1.0041 1.0102 

58 1.002 1.0051 1.0036 1.0087 
 

1.002 1.0050 1.0041 1.0102 

59 1.000 1.0046 1.0036 1.0087 
 

1.002 1.0047 1.0041 1.0102 

60 1.008 1.0049 1.0036 1.0087 
 

1.008 1.0050 1.0041 1.0102 

61 1.008 1.0052 1.0036 1.0087 
 

1.008 1.0052 1.0041 1.0102 

62 1.004 1.0050 1.0036 1.0087 
 

1.004 1.0051 1.0041 1.0102 

63 1.002 1.0047 1.0036 1.0087 
 

1.002 1.0048 1.0041 1.0102 

64 1.006 1.0048 1.0036 1.0087 
 

1.004 1.0047 1.0041 1.0102 

65 1.002 1.0045 1.0036 1.0087 
 

0.996 1.0038 1.0041 1.0103 

66 1.008 1.0048 1.0036 1.0087 
 

1.000 1.0035 1.0041 1.0103 

67 1.004 1.0047 1.0036 1.0087 
 

0.996 1.0027 1.0041 1.0103 

68 0.996 1.0039 1.0036 1.0087 
 

0.994 1.0019 1.0041 1.0103 

69 1.004 1.0039 1.0036 1.0087 
 

0.998 1.0015 1.0041 1.0103 

70 1.008 1.0042 1.0035 1.0087 
 

1.002 1.0015 1.0041 1.0103 

71 1.008 1.0046 1.0035 1.0087 
 

1.004 1.0018 1.0040 1.0103 

72 1.011 1.0052 1.0035 1.0087 
 

1.010 1.0025 1.0040 1.0103 

73 1.009 1.0057 1.0035 1.0087 
 

1.002 1.0025 1.0040 1.0103 
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The raw data and calculated EWMA, UCL, and LCL of output constancy 

measurement with 1 month of data to calculate average and SD for 0.1 λ and 2.703 L 

for 6 MV and 12 MeV (in example) (cont.). 

  
6MV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

 

12 MeV 
(Yt) 

EWMA 
(Y^t) 

LCL UCL 

74 1.019 1.0070 1.0035 1.0087 
 

1.013 1.0036 1.0040 1.0103 

75 1.017 1.0080 1.0035 1.0087 
 

1.011 1.0044 1.0040 1.0103 

76 1.017 1.0089 1.0035 1.0087 
 

1.010 1.0049 1.0040 1.0103 

77 1.021 1.0101 1.0035 1.0087 
 

1.011 1.0055 1.0040 1.0103 

78 1.025 1.0115 1.0035 1.0087 
 

1.013 1.0063 1.0040 1.0103 

79 1.023 1.0126 1.0035 1.0087 
 

1.015 1.0072 1.0040 1.0103 

80 1.021 1.0135 1.0035 1.0087 
 

1.013 1.0078 1.0040 1.0103 

81 1.021 1.0142 1.0035 1.0087 
 

1.017 1.0088 1.0040 1.0103 

82 1.019 1.0147 1.0035 1.0087 
 

1.010 1.0088 1.0040 1.0103 

83 1.019 1.0151 1.0035 1.0087 
 

1.015 1.0095 1.0040 1.0103 
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APPENDIX V 
 

The percent point dose differences of prostate IMRT QA. 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
1 -0.1 

 
26 1.3 

 
51 2.2 

 
76 2.3 

 
101 1.4 

2 -2.2 
 

27 -0.2 
 

52 -2.6 
 

77 -0.8 
 

102 -2.9 
3 -1.0 

 
28 -1.1 

 
53 2.0 

 
78 -1.4 

 
103 -3.1 

4 3.1 
 

29 -2.7 
 

54 -0.3 
 

79 1.5 
 

104 -0.5 
5 1.2 

 
30 -2.1 

 
55 -2.3 

 
80 -0.2 

 
105 2.0 

6 2.7 
 

31 0.0 
 

56 3.0 
 

81 -0.3 
 

106 -0.1 
7 2.8 

 
32 0.3 

 
57 0.6 

 
82 2.2 

 
107 1.6 

8 0.5 
 

33 0.4 
 

58 0.2 
 

83 1.3 
 

108 -0.1 
9 2.3 

 
34 -1.0 

 
59 0.0 

 
84 -2.6 

 
109 -2.8 

10 -0.9 
 

35 -1.9 
 

60 1.3 
 

85 2.2 
 

110 0.1 
11 -1.3 

 
36 -0.2 

 
61 -2.6 

 
86 -2.3 

 
111 -1.5 

12 -1.9 
 

37 1.1 
 

62 1.9 
 

87 -1.4 
 

112 1.5 
13 -1.2 

 
38 -0.4 

 
63 -0.3 

 
88 1.2 

 
113 0.4 

14 0.1 
 

39 0.8 
 

64 0.3 
 

89 -1.7 
 

114 0.2 
15 2.1 

 
40 -2.6 

 
65 2.5 

 
90 -2.9 

 
115 -0.4 

16 -1.7 
 

41 -0.5 
 

66 1.0 
 

91 1.5 
 

116 3.1 
17 0.7 

 
42 -0.7 

 
67 2.6 

 
92 0.1 

 
117 1.7 

18 0.9 
 

43 -2.4 
 

68 1.6 
 

93 2.1 
 

118 2.3 
19 3.6 

 
44 2.7 

 
69 -1.9 

 
94 1.6 

 
119 2.0 

20 1.1 
 

45 -2.1 
 

70 1.4 
 

95 1.1 
 

120 2.6 
21 -1.3 

 
46 -1.8 

 
71 -0.2 

 
96 2.3 

 
121 1.0 

22 -1.0 
 

47 -2.3 
 

72 -2.2 
 

97 2.2 
 

122 1.7 
23 -0.2 

 
48 -0.2 

 
73 -2.2 

 
98 0.9 

 
123 0.8 

24 3.9 
 

49 1.6 
 

74 -2.2 
 

99 -2.8 
 

124 1.8 
25 -1.2 

 
50 -1.5 

 
75 -1.4 

 
100 0.7 

 
125 -1.2 
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The percent point dose differences of prostate IMRT QA (cont.). 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
126 0.5 

 
151 1.8 

 
176 1.8 

 
201 2.8 

 
226 3.0 

127 0.9 
 

152 -0.1 
 

177 0.2 
 

202 2.6 
 

227 -1.1 
128 0.6 

 
153 3.0 

 
178 -0.6 

 
203 0.9 

 
228 1.7 

129 -0.9 
 

154 2.9 
 

179 0.8 
 

204 2.5 
 

229 3.8 
130 2.6 

 
155 -0.9 

 
180 1.1 

 
205 3.2 

 
230 -2.4 

131 0.9 
 

156 0.1 
 

181 -0.1 
 

206 4.1 
 

231 -2.9 
132 1.7 

 
157 2.0 

 
182 2.6 

 
207 3.3 

 
232 -0.1 

133 2.0 
 

158 3.0 
 

183 2.9 
 

208 3.7 
 

233 -2.7 
134 1.4 

 
159 -2.5 

 
184 -0.2 

 
209 2.7 

 
234 2.7 

135 -3.4 
 

160 0.0 
 

185 2.5 
 

210 1.0 
 

235 0.5 
136 -0.4 

 
161 1.1 

 
186 2.9 

 
211 2.7 

 
236 -0.2 

137 -1.5 
 

162 -1.9 
 

187 0.9 
 

212 2.2 
 

237 0.6 
138 -0.7 

 
163 2.9 

 
188 -2.8 

 
213 2.6 

 
238 0.1 

139 -2.0 
 

164 1.0 
 

189 2.1 
 

214 2.6 
 

239 2.0 
140 1.1 

 
165 2.9 

 
190 0.8 

 
215 0.0 

 
240 2.0 

141 0.7 
 

166 -1.0 
 

191 0.1 
 

216 2.9 
 

241 -0.4 
142 -0.6 

 
167 3.0 

 
192 1.8 

 
217 4.2 

 
242 -1.9 

143 3.0 
 

168 2.8 
 

193 1.6 
 

218 0.6 
 

243 -1.1 
144 1.4 

 
169 -1.9 

 
194 1.8 

 
219 -2.4 

 
244 3.1 

145 2.8 
 

170 2.7 
 

195 -0.2 
 

220 1.2 
 

245 -0.2 
146 0.6 

 
171 -2.0 

 
196 1.9 

 
221 1.7 

 
246 0.0 

147 -0.6 
 

172 1.9 
 

197 2.9 
 

222 -1.1 
 

247 1.3 
148 -0.9 

 
173 -1.6 

 
198 3.0 

 
223 0.5 

 
248 1.2 

149 2.8 
 

174 0.9 
 

199 4.6 
 

224 0.7 
 

249 2.6 
150 0.6 

 
175 -1.4 

 
200 2.3 

 
225 2.4 

 
250 0.8 
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The percent point dose differences of prostate IMRT QA (cont.). 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
251 -2.0 

 
276 -1.5 

 
301 0.7 

 
326 -3.2 

 
351 0.3 

252 0.9 
 

277 1.1 
 

302 -1.8 
 

327 -0.9 
 

352 2.0 
253 1.9 

 
278 1.6 

 
303 -2.5 

 
328 0.2 

 
353 2.4 

254 -2.5 
 

279 -2.0 
 

304 1.7 
 

329 0.0 
 

354 0.9 
255 2.1 

 
280 -1.6 

 
305 2.2 

 
330 0.8 

 
355 -1.3 

256 0.5 
 

281 -0.9 
 

306 1.5 
 

331 -0.2 
 

356 -0.5 
257 1.9 

 
282 1.0 

 
307 -3.5 

 
332 2.7 

 
357 3.1 

258 -2.1 
 

283 0.9 
 

308 2.0 
 

333 -0.4 
 

358 1.7 
259 -0.2 

 
284 2.1 

 
309 -0.9 

 
334 1.2 

 
359 1.9 

260 0.6 
 

285 0.3 
 

310 0.8 
 

335 -0.4 
 

360 1.1 
261 1.1 

 
286 3.1 

 
311 1.5 

 
336 -1.6 

 
361 -0.3 

262 -0.7 
 

287 -1.9 
 

312 0.2 
 

337 -3.2 
 

362 1.3 
263 0.6 

 
288 -1.6 

 
313 2.6 

 
338 -2.0 

 
363 -2.1 

264 0.5 
 

289 -3.4 
 

314 1.9 
 

339 -1.9 
 

364 1.7 
265 0.8 

 
290 -2.0 

 
315 -1.4 

 
340 -2.3 

 
365 2.9 

266 2.6 
 

291 2.8 
 

316 -0.6 
 

341 0.3 
 

366 -0.1 
267 -0.5 

 
292 1.2 

 
317 2.4 

 
342 0.8 

 
367 2.4 

268 0.7 
 

293 -2.8 
 

318 -1.7 
 

343 -1.6 
 

368 -2.3 
269 -2.5 

 
294 -1.4 

 
319 2.3 

 
344 -0.5 

 
369 2.9 

270 1.5 
 

295 0.0 
 

320 0.5 
 

345 1.6 
 

370 1.7 
271 -0.6 

 
296 1.5 

 
321 -1.6 

 
346 0.4 

 
371 2.1 

272 0.4 
 

297 1.3 
 

322 3.2 
 

347 -1.7 
 

372 2.6 
273 3.0 

 
298 -2.8 

 
323 -2.2 

 
348 -1.2 

 
373 2.5 

274 0.9 
 

299 0.1 
 

324 -0.1 
 

349 0.0 
 

374 1.8 
275 1.6 

 
300 -1.2 

 
325 0.9 

 
350 -3.1 

 
375 1.6 
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The percent point dose differences of prostate IMRT QA (cont.). 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
376 -1.2 

 
401 0.3 

 
426 1.6 

 
451 2.0 

 
476 2.1 

377 1.3 
 

402 1.6 
 

427 -0.9 
 

452 -1.9 
 

477 -2.4 
378 2.4 

 
403 1.4 

 
428 -0.4 

 
453 1.0 

 
478 -0.6 

379 0.4 
 

404 -0.1 
 

429 -2.6 
 

454 -2.6 
 

479 -3.2 
380 -0.3 

 
405 -2.7 

 
430 -0.8 

 
455 -2.6 

 
480 0.6 

381 1.0 
 

406 -2.2 
 

431 0.7 
 

456 2.3 
 

481 -1.7 
382 1.0 

 
407 0.1 

 
432 -1.6 

 
457 2.5 

 
482 2.8 

383 0.1 
 

408 -3.2 
 

433 -1.2 
 

458 -3.4 
 

483 3.0 
384 0.1 

 
409 -1.1 

 
434 -2.5 

 
459 -2.4 

 
484 2.7 

385 -1.3 
 

410 1.5 
 

435 -0.6 
 

460 -2.3 
 

485 2.2 
386 0.4 

 
411 -0.9 

 
436 0.6 

 
461 -0.4 

 
486 -3.0 

387 -1.6 
 

412 -1.3 
 

437 1.6 
 

462 -0.5 
 

487 -2.0 
388 -0.7 

 
413 1.0 

 
438 -0.6 

 
463 1.5 

 
488 -2.4 

389 -1.2 
 

414 0.8 
 

439 -1.0 
 

464 -0.3 
 

489 -0.2 
390 0.7 

 
415 -1.1 

 
440 -1.6 

 
465 0.3 

 
490 -1.7 

391 -2.2 
 

416 -0.2 
 

441 -3.0 
 

466 -1.7 
 

491 1.7 
392 -1.2 

 
417 -3.1 

 
442 0.4 

 
467 -2.4 

 
492 -1.2 

393 1.5 
 

418 0.3 
 

443 -2.0 
 

468 3.2 
 

493 -3.7 
394 -2.2 

 
419 0.0 

 
444 -2.3 

 
469 0.0 

 
494 -0.8 

395 -1.1 
 

420 -3.4 
 

445 0.7 
 

470 -2.5 
 

495 1.0 
396 2.3 

 
421 -2.8 

 
446 -3.1 

 
471 1.5 

 
496 -2.7 

397 2.3 
 

422 -3.9 
 

447 1.5 
 

472 1.2 
 

497 -2.8 
398 -3.0 

 
423 0.0 

 
448 -0.3 

 
473 1.5 

 
498 0.5 

399 2.5 
 

424 0.3 
 

449 -1.2 
 

474 -1.1 
 

499 -1.6 
400 0.1 

 
425 -0.5 

 
450 0.2 

 
475 -0.5 

 
500 1.6 
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The percent point dose differences of prostate IMRT QA (cont.). 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 
 

No 
%Dose 

dif. 

501 -2.0 
 

527 -1.9 
 

553 -3.1 
 

579 1.2 
 

605 0.0 

502 -0.6 
 

528 -2.2 
 

554 1.0 
 

580 0.2 
 

606 -3.1 

503 2.8 
 

529 -2.2 
 

555 0.4 
 

581 -1.0 
 

607 -0.4 

504 0.9 
 

530 2.3 
 

556 -0.4 
 

582 -1.1 
 

608 -2.4 

505 -1.9 
 

531 1.7 
 

557 1.0 
 

583 -1.4 
 

609 0.3 

506 -0.7 
 

532 -0.2 
 

558 0.9 
 

584 2.0 
 

610 -1.7 

507 -0.5 
 

533 1.5 
 

559 3.0 
 

585 1.7 
 

611 -1.1 

508 0.5 
 

534 0.3 
 

560 -2.7 
 

586 -3.1 
 

612 1.2 

509 -2.1 
 

535 2.6 
 

561 -0.6 
 

587 -0.1 
 

613 2.1 

510 -1.3 
 

536 1.4 
 

562 0.5 
 

588 1.9 
 

614 1.4 

511 -1.3 
 

537 0.1 
 

563 0.6 
 

589 2.4 
 

615 0.0 

512 0.4 
 

538 -0.8 
 

564 2.0 
 

590 0.9 
 

616 -0.3 

513 1.8 
 

539 1.2 
 

565 1.0 
 

591 -1.9 
 

617 2.9 

514 -1.0 
 

540 0.6 
 

566 0.1 
 

592 1.5 
 

618 -0.1 

515 -2.6 
 

541 -0.1 
 

567 1.7 
 

593 0.3 
 

619 -0.5 

516 -0.7 
 

542 -0.4 
 

568 0.9 
 

594 1.2 
 

620 -2.7 

517 -2.6 
 

543 -0.7 
 

569 0.9 
 

595 -1.8 
 

621 0.4 

518 -0.6 
 

544 0.4 
 

570 1.8 
 

596 -1.0 
 

622 2.9 

519 -2.1 
 

545 -0.4 
 

571 0.2 
 

597 1.9 
 

623 -1.3 

520 -2.3 
 

546 0.7 
 

572 -0.9 
 

598 0.6 
 

624 2.7 

521 -1.6 
 

547 -1.8 
 

573 3.0 
 

599 -2.0 
 

625 -0.4 

522 -1.5 
 

548 -0.7 
 

574 3.6 
 

600 -0.4 
 

626 1.6 

523 -2.0 
 

549 -0.4 
 

575 3.0 
 

601 0.4 
 

627 0.9 

524 -2.3 
 

550 0.6 
 

576 -0.7 
 

602 2.3 
 

628 2.8 

525 -1.9 
 

551 -0.5 
 

577 1.2 
 

603 2.3 
 

629 -3.2 

526 -1.6 
 

552 -2.5 
 

578 0.7 
 

604 1.4 
 

630 0.7 

            
631 1.0 
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APPENDIX VI 
 

The percent gamma pass of nasopharyngeal carcinoma VMAT QA plan. 
No % Pass No % Pass No % Pass No % Pass No % Pass No % Pass 
1 99.6 27 94.3 53 96.2 79 98.3 105 99.1 131 97.3 
2 93.6 28 96.2 54 97.0 80 92.5 106 94.7 132 97.5 
3 97.7 29 99.4 55 98.6 81 95.6 107 94.9 133 93.9 
4 99.1 30 97.2 56 94.7 82 98.9 108 90.2 134 96.6 
5 97.1 31 98.6 57 99.6 83 95.4 109 94.9 135 93.1 
6 96.1 32 100.0 58 95.9 84 93.9 110 97.0 136 98.3 
7 98.4 33 91.1 59 96.5 85 97.2 111 97.4 137 93.9 
8 95.3 34 97.1 60 97.5 86 96.3 112 97.8 138 95.8 
9 96.3 35 99.1 61 96.6 87 97.2 113 95.3 139 93.8 
10 98.1 36 97.4 62 98.6 88 98.1 114 91.7 140 99.3 
11 98.6 37 93.5 63 96.2 89 98.1 115 96.0 141 95.7 
12 98.9 38 91.6 64 99.1 90 94.0 116 93.9 142 99.2 
13 94.7 39 96.8 65 97.5 91 97.3 117 95.0 143 98.1 
14 95.6 40 96.6 66 97.1 92 96.7 118 96.2 144 99.0 
15 95.4 41 99.9 67 96.0 93 95.5 119 92.7 145 97.5 
16 97.3 42 96.1 68 95.4 94 96.0 120 97.5 146 95.1 
17 95.6 43 97.4 69 97.1 95 98.6 121 99.1 147 97.1 
18 95.0 44 99.5 70 96.8 96 98.5 122 99.6 148 96.5 
19 96.3 45 97.7 71 92.0 97 98.6 123 97.2 149 94.4 
20 94.4 46 97.1 72 90.3 98 96.3 124 97.0 150 95.5 
21 98.1 47 98.4 73 97.0 99 98.0 125 90.5 151 99.2 
22 99.3 48 95.9 74 99.9 100 99.6 126 95.9 152 99.8 
23 93.7 49 99.5 75 97.8 101 97.5 127 92.9 153 97.2 
24 94.0 50 97.9 76 94.9 102 98.8 128 94.6 154 95.2 
25 96.0 51 98.7 77 99.2 103 98.3 129 94.4 155 95.9 
26 92.8 52 98.9 78 98.8 104 99.1 130 96.4 156 100 

  
        

156 100 
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APPENDIX VII 
 

The PTV homogeneity index for head and neck VMAT plan. 
Number D2% D98% Dmedian HI 

 

Number D2% D98% Dmedian HI 

1 7184 6240 6964.7 0.14 
 

26 5012 4589 4883 0.09 

2 5861 5096 5565.4 0.14 
 

27 5346 5022 5219.9 0.06 

3 6426 5770 6205.4 0.11 
 

28 6536 5980 6266 0.09 

4 6461 5914 6317.5 0.09 
 

29 7656 6867 7400.6 0.11 

5 7506 6914 7297.9 0.08 
 

30 7748 6925.3 7511.6 0.11 

6 6572 5820 5388.6 0.14 
 

31 5600 5443 5522.5 0.03 

7 6445 5914 6244.5 0.09 
 

32 6958 6301 6701.7 0.10 

8 7534 6889 7327.4 0.09 
 

33 2484 2311 2423 0.07 

9 4284 4060 4211.9 0.05 
 

34 6325 6073 6210.8 0.04 

10 5593 5406 5480 0.03 
 

35 7438 6919 7252 0.07 

11 7497 6966 7330 0.07 
 

36 6878 5875 6686.5 0.15 

12 5796 5303 5638.8 0.09 
 

37 7872 6866 7544 0.13 

13 6719 5658 6350.8 0.17 
 

38 7638 6799 7440.8 0.11 

14 2480 2366 2435.8 0.05 
 

39 7666 6878 7476.8 0.11 

15 6400 6055 6255.4 0.06 
 

40 7338 6170 7110.8 0.16 

16 3824 3470 3706.9 0.10 
 

41 7990 7618 7850.4 0.05 

17 3365 2933 3249.3 0.13 
 

42 5343 4989 5217.9 0.07 

18 5241 5018 5132.6 0.04 
 

43 5318 4984 5227.9 0.06 

19 7477 6810 7298 0.09 
 

44 1339 1243 1295.7 0.07 

20 7618 6965 7397.4 0.09 
 

45 6357 5724 6148.8 0.10 

21 7456 6763 7321 0.09 
 

46 7630 7103 7410.9 0.07 

22 7774 6945 7491 0.11 
 

47 5679 5319 5541.1 0.06 

23 7666 6886 7429.4 0.10 
 

48 8072 6794 7530 0.17 

24 5345 4975 5212.6 0.07 
 

49 7646 6861 7455.6 0.11 

25 5785 5131 5556.6 0.12 
 

50 7060 6565 6881.4 0.07 
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The PTV homogeneity index for head and neck VMAT plan (cont.) 
Number D2% D98% Dmedian HI 

 

Number D2% D98% Dmedian HI 

51 7617 6765 7372 0.12 
 

76 7573 6229 7404.1 0.18 

52 7420 7037 7296 0.05 
 

77 5775 5068 5609.7 0.13 

53 6506 6019 6338.1 0.08 
 

78 3252 2921 3155.8 0.10 

54 6319 5959 6195.8 0.06 
 

79 5751 5239 5597.7 0.09 

55 3309 2955 3222.5 0.11 
 

80 5503 5022 5308.8 0.09 

56 7830 6802 7494.7 0.14 
 

81 7827 6935 7521.9 0.12 

57 7679 6802 7427.5 0.12 
 

82 3160 2994 3115.1 0.05 

58 6681 5579 6425 0.17 
 

83 4163 3700 3949.9 0.12 

59 5521 5202 5433.6 0.06 
 

84 7544 6816 7346.4 0.10 

60 4266 3922 4161 0.08 
 

85 3292 2807 3191.7 0.15 

61 6548 5601 6304.9 0.15 
 

86 5657 4876 5281.4 0.15 

62 7052 5951 6735.2 0.16 
 

87 7191 6261 6942.4 0.13 

63 4403 3885 4256.4 0.12 
 

88 7591 6276 7320.1 0.18 

64 6264 5945 6135.2 0.05 
 

89 5706 5363 5550.5 0.06 

65 7414 6850 7261.1 0.08 
 

90 7633 6923 7389.7 0.10 

66 7305 6877 7148.3 0.06 
 

91 2154 1899 2067.5 0.12 

67 7420 6831 7260.8 0.08 
 

92 7638 7064 7433.2 0.08 

68 7656 6860 7357.6 0.11 
 

93 7547 6773 7345.2 0.11 

69 3178 3045 3114.1 0.04 
 

94 5102 3956 4881.7 0.23 

70 6952 6546 6791.1 0.06 
 

95 5712 5308 5565.8 0.07 

71 5756 5109 5530.4 0.12 
 

96 7550 6736 7312 0.11 

72 7099 5577 6900.2 0.22 
 

97 5980 5483 5845.7 0.09 

73 7648 6746 7371.3 0.12 
 

98 6754 5952 6470.6 0.12 

74 7468 6850 7263.1 0.09 
 

99 5649 4993 5465 0.12 

75 7470 6950 7250.6 0.07 
 

100 6554 5879 6361.8 0.11 
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The PTV homogeneity index for head and neck VMAT plan (cont.) 
Number D2% D98% Dmedian HI 

 

Number D2% D98% Dmedian HI 

101 7640 6824 7377.3 0.11 
 

126 7097 6635 6953.3 0.07 

102 7827 6938 7521.9 0.12 
 

127 6912 6674 6785.1 0.04 

103 7730 6877 7501.6 0.11 
 

128 6457 5776 6247.9 0.11 

104 3305 2945 3211.6 0.11 
 

129 5815 5579 5723.8 0.04 

105 5217 4966 5151.2 0.05 
 

130 7846 7425 7676.5 0.05 

106 6437 6013 6230.6 0.07 
 

131 7594 6652 7310.4 0.13 

107 7414 6671 7226.5 0.10 
 

132 7682 6837 7454.7 0.11 

108 6453 6146 6336 0.05 
 

133 7507 6878 7320.6 0.09 

109 6391 5751 6239.3 0.10 
 

134 3292 2956 3191.1 0.11 

110 5715 5052 5582.3 0.12 
 

135 5878 5091 5748.1 0.14 

111 5766 5251 5609.8 0.09 
 

136 6197 6082 6156.5 0.02 

112 5390 4901 5250.4 0.09 
 

137 7615 6949 7399.9 0.09 

113 5914 5349 5640.7 0.10 
 

138 7858 7522 7681.6 0.04 

114 6826 6586 6728.5 0.04 
 

139 6051 4450 5405.2 0.30 

115 7081 6518 6851 0.08 
 

140 7400 6837 7256.1 0.08 

116 5255 5029 5144.3 0.04 
 

141 7628 6842 7414.5 0.11 

117 5877 5323 5700.3 0.10 
 

142 5813 5092 5695.3 0.13 

118 7696 6855 7488.7 0.11 
 

143 6531 5857 6362.7 0.11 

119 7206 6460 7021.2 0.11 
 

144 5858 4311 5465.4 0.28 

120 5388 4970 5255.7 0.08 
 

145 5623 5235 5484.8 0.07 

121 6102 5651 5966.1 0.08 
 

146 3217 2548 3125.9 0.21 

122 7600 6967 7434.3 0.09 
 

147 7435 6924 7301.3 0.07 

123 7819 7474 7650.5 0.05 
 

148 5783 5162 5607.4 0.11 

124 7716 6767 7484.6 0.13 
 

149 6464 6034 6245.9 0.07 

125 7467 6214 6881.9 0.18 
 

150 7111 6508 6943 0.09 
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